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General Abstract 
Are Tasmanian sweet cherries effective functional foods? 
Background and Aims 
Sweet cherries or Prunus avium L. are a rich source of anthocyanins, which are 
bioactive secondary metabolites of flavonoids.  Determining the bioactivity or 
functional capacity of sweet cherries and how we can efficiently harness waste fruit to 
treat disease using food waste is the crux of this thesis. There are two significant 
challenges facing the human race and both are driven by excess - obesity and food 
waste. The prevalence of obesity-related inflammation and resulting morbidity and 
mortality has dramatically increased in recent times.  Globally, this equates to 39% of 
the world’s adult population in an unhealthy weight range.  Pharmaceutical treatment 
options have been limited and ineffectual, with many of the drugs removed from the 
market due to significant side effects.  Both the scale of the obesity epidemic and the 
severity of the side effects from drug treatments, necessitate alternative options for 
treatment.   
Bioactive components in food have been identified as potential modulators of health, 
where their functional capacity is harnessed to attenuate disease processes.  
Anthocyanins have been identified as beneficial due to their antioxidant properties, yet 
it is potential anti-inflammatory anti-obesity actions that warrant exploration.  High 
anthocyanin fruits such as sweet cherries, may potentially attenuate disease whilst 
reducing the parallel burden of food waste.  The global burden of food waste is also of 
xvii 
concern with significant investment occurring to develop methods of harnessing the 
waste to reduce reliance on landfill.  Annually, global cherry production is estimated at 
3.7 million tonnes, but 20 – 50% of that fruit is usually deemed not fit for sale.  To 
determine whether cherry waste fruit could be used for other purposes, 
comprehensive quantification and characterisation of the fruit was needed to be 
undertaken.  The studies that make up this thesis were first aimed at optimising the 
extraction of anthocyanins from waste fruit at the highest possible yield.  Further 
stability and reproducibility experiments were undertaken to determine the effect of 
storage on total anthocyanin content (TAC) and variation within fruit. This allowed 
examination of the functional activity using in vitro (cell culture) and in vivo (animal 
feeding trials) experiments. 
Methods and Results 
The effect of process parameters on the extraction of anthocyanins from Prunus avium 
L. ‘Lapin’ was determined.  Time, temperature, solvent type, solvent to solute ratio and
fruit size for assay were all tested.  The optimal conditions for extraction were fruit 
homogenised in acidified ethanol, macerated for 90 minutes, at 37oC, at a ratio of 
10ml/g (solvent:solid) resulting in the greatest yield of anthocyanins and a three-fold 
increase in amount extracted prior to optimisation steps.   
Subsequently, a comprehensive examination of anthocyanin content across different 
growing seasons, cultivars and grades of fruit, plus the effect of post-harvest storage 
conditions was conducted. The Prunus avium L. ‘Kordia’ cultivar was shown to have 
a significantly greater anthocyanin content compared to all other cultivars (consistent 
across seasons), with a value of 873mg/100g fresh weight compared with an average 
of 244mg/100g fresh weight for other cultivars.   Post-harvest storage conditions at 3, 
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6, 12 and 24 months showed that storage at -20oC resulted in significantly less 
anthocyanin remaining than at -80oC.  Indeed, with as little as 4.4% of TAC remaining 
after 24 months at -20oC, if preservation of anthocyanin content is a priority, storage 
conditions must be considered.  Following a retrospective analysis of weather patterns 
in conjunction with the fruit specimens assayed across seasons, ‘ideal growing 
conditions’ that result in less waste fruit were tentatively proposed.   
The final series of experiments investigated the anti-inflammatory properties of the 
sweet cherry (Lapin cultivar) extract. RAW264.7 cells were stimulated with lipo-
polysaccharide (LPS) and when pre-treated with sweet cherry anthocyanin, there was 
significant reduction in inflammatory markers IL10 and GM-CSF.  To measure anti-
inflammatory effect in vivo, a murine supplementation trial was undertaken.  In the 
trial, high fat fed C57BL/6 mice were supplemented with sweet cherry anthocyanin 
(SCA) to determine whether obesity and inflammation could be prevented or reversed.  
After 6 weeks of supplementation in the prevention trial, there was 19% less weight 
gained in the treated mice versus matched controls (this was not observed in the 
reversal trial). There were also significant outcomes in relation to inflammation in both 
the prevention and reversal trials, with SCA treated mice exhibiting reduced 
inflammation than matched controls.  If these results were translated to clinical terms, 
a weight reduction of this level and reduced inflammation would be considered 
clinically significant outcomes.   
xix 
Premium grade Sweetheart cherry             Waste (small) Lapin cherries 
            (> 34mm size)             (<28mm size) 
Figure 0.1 Cherry size is one example of criteria that dictates cherry to be deemed 
premium or waste fruit. 
Conclusions 
Through optimisation from sweet cherries, a highly efficient, high yield method for 
extracting anthocyanins was developed.  This had the added and unexpected finding 
of an optimal extraction temperature (37oC) which is particularly important for 
biological experiments.  That waste fruit was found to have a higher total anthocyanin 
content than premium grade fruit holds great significance for industry.  It provides 
justification and economic rationalisation for investing in strategies to re-purpose the 
waste.  As a sole outcome for industry and consumers, this finding is heartening.    
As sweet cherry anthocyanin significantly reduced the rate of weight gain and the 
associated chronic low-grade inflammation induced by a high fat diet, this fruit provide 
a potential non-drug, adjunct therapy for obesity and inflammation.  As waste fruit was 
found to have higher anthocyanin than premium fruit, and there was significant effect 
in both cell and animal studies, it does suggest waste can be used to treat disease. 
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Chapter 1:  Thesis Introduction and Overview 
Foods added to the diet that improve overall health and wellness, in addition to 
providing nutrient benefit, are called functional foods (1, 2).  Historically, nutrient profile 
has been the primary reason for the consumption of foods, with more emphasis in 
recent times on foods with high bioactivity (3-5).  Flavonoids are secondary metabolites 
that exhibit high bioactivity and are categorised further into sub-groups including 
anthocyanidins (or their glycosylated form called anthocyanins), anthoxanthins, 
flavanones, flavanonols, flavans and isoflavnoids (6, 7).  The bioactivity of a compound 
can be measured through a range of assays that measure the antioxidant, 
antimicrobial, anti-inflammatory and other actions of the compound (8, 9). 
To be able to determine if sweet cherries meet the definition of a functional food, 
investigation into the bioactive profile of the fruit is required (10).  Cherries are known 
to be a rich source of anthocyanins and the premium grade cherries contribute $164 
million to the Australian economy annually (11).  A significant proportion of the locally 
grown fruit is destined for overseas export markets (11).  Total cherry fruit exports for 
Australia in 2016 was 5,593 tonnes with a value of $76 million, with Tasmania 
producing more than half of this 2,872 tonnes with a value of $50 million (11).  Whilst 
small on a global scale, there is real value for the domestic economy.  Unfortunately, 
up to 50% of the annual crop is deemed waste, with minimal repurposing.  However, 
waste from other fruits is being recycled into value added products and used for a 
variety of applications including silage for animal feed, as natural food colourants and 
in the food industry to increase fibre content of foods  (12-15).  The aims of the studies 
described in this thesis were to:  
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(1) determine if waste fruit provides a concentrated source of anthocyanins,
(2) investigate the factors that influence the yield of anthocyanins in extraction and
(3) determine whether anthocyanins possess anti-inflammatory properties in vitro and
in vivo. 
This thesis will therefore explore the following concepts in both premium grade and 
waste sweet cherries: Firstly, a standard approach to the identification, quantification 
and optimisation of extraction will be developed. This will enable efficient extraction of 
anthocyanins to ensure maximum recovery/ yield. Secondly, an in-depth examination 
of the fruit and factors that may influence bioactive components and the yield of 
anthocyanin will be determined.  Lastly, cherry extract functionality will be tested 
through a series of in vitro and in vivo experiments to provide understanding and 
context for application of sweet cherries as a functional food.  These seminal findings, 
with broad appeal, will be tied together to provide a practical understanding of the 
bioactivity and functionality of Tasmanian sweet cherries. 
1.1 Background 
1.1.1 Functional food 
A functional food is a food that provides a physiological benefit or reduces the risk of 
disease, in addition to its primary nutritional function (16). With the advent of modern 
medicine, the creation of pharmaceuticals and pharmacotherapy has meant foods as 
therapeutic agents have been overlooked until recently (3).  Emerging evidence has 
highlighted the potential for foods to add benefit to health without the side-effects 
experienced with drug treatments (4, 17, 18).  At present, functional foods have a 
demonstrated role in mitigating the effects of diseases such as obesity (19), metabolic 
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syndrome (20), immune dysfunction and inflammation (21).  They have also been 
reported as central to improving and maintaining geriatric nutrition (22), improving 
intestinal health and supporting gut microbiota (23, 24). 
Functional foods exist in many forms including wholefoods, fortified or enriched foods 
and modified foods (25).  The functional capacity and bioactivity of these foods arises 
from biologically active compounds (phytochemicals) contained within (26, 27).  The 
activity of many phytochemicals from fruit has been determined through both in vitro 
and in vivo studies (28-35).  However, in-depth investigations of the bioactive role of 
sweet cherry anthocyanins from waste and premium fruit has not been undertaken to 
date.  
Whilst the concept of functional food was likely born out of a desire for better health, 
the consumer is now driving the functional food/ nutraceutical market (25, 36, 37).  It 
is clear that as consumers have become more interested in the provenance of food 
and they are now driving a contemporary pattern of consumption (38, 39).  
Consumption of food from the local area is considered valuable and has led to an 
increased demand for locally sourced and value-added products.  However, 
consumerism in this sense is dichotomous, as the consumer desires perfectly formed 
fruit (40). Whilst consumers desire functional food and with connection to provenance, 
their requirement of first grade fruit free from blemishes, splits or cracks is likely 
influencing the portion of fruit rejected by the market. As such it is this evolution that 
has driven significant commercial investment in developing and understanding 
bioactive foods compounds and their potential to attenuate disease (41). Emerging 
evidence has highlighted the health benefits derived from consuming fruit with high 
levels of anthocyanins (flavonoids) (28, 32, 42-53).   These benefits include control of 
blood glucose levels, reduced cancer growth and improvement in cardiovascular 
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disease profile through improved blood vessel wall vasodilatation. 
1.1.2 Anthocyanin bioactivity and extraction  
Anthocyanins are water-soluble pigments that form part of a subclass of polyphenolics 
and are responsible for the dark purple, blue and red colour of many plants, flowers, 
fruit and vegetables (6, 54-57).  They are a sub-group of flavonoids, which is one of 
classes of the secondary metabolites, and are present in varying amounts across fruit 
species (6, 58-60).  
 
   Figure 1.1 Basic anthocyanin structure. 
As taken from “Anthocyanidins and anthocyanins: coloured pigments as food, pharmaceutical 
ingredients, and the potential health benefits”, Khoo et al 2017 (8). 
 
As there are over 600 anthocyanins identified in nature, it is expedient that the 
anthocyanins be categorised further.  Anthocyanins are glycosylated form of 
anthocyanidins and the six principal aglycon (anthocyanidins) forms most abundantly 
found in plants are pelargonidin, cyanidin, delphinidin, peonidin, petunidin and malvidin 




   Figure 1.2 Major anthocyanidins in plants.  
As taken from “Anthocyanidins and anthocyanins: coloured pigments as food, pharmaceutical 
ingredients, and the potential health benefits”, Yuan et al 2012 (63). 
Of interest is the investigation of anthocyanins in fruit species.  These metabolites have 
been studied across many fruits however, the majority of anthocyanin research has 
been undertaken in blueberries, raspberries and tart cherry (Prunus cerasus) cultivars 
(34, 51, 53, 64-71).  Whilst the bioactivity and profiling of sweet cherry (Prunus avium 
L.) cultivars is the subject of current work by other investigators (27, 40, 50, 52, 72-
99), a comprehensive understanding of the bioactivity and function of the fruit is 
lacking.  
The physiology of fruit is a pertinent consideration, as the growth and development of 
the fruit will affect its bioactivity at maturity (100).  Phytochemistry (plant chemistry) is 
the study of chemicals synthesised in plants for example, the development of 
pigmentation in the fruit, which correlates to the flavonoid content of the fruit (101).  
The level of pigmentation or depth of colour provides protection against microbial 
insults, provides natural UV protection to plants and attracts pollinators to ensure 
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species survival (101-103).  For most fruit and plant species, the high 
anthocyanin/colour is concentrated in the skin (89, 104).  However, cherries are 
unusual in that they are coloured from the exocarp through mesocarp to endocarp 
(“skin to seed”) suggesting a much higher overall secondary metabolite content. 
 
 Figure 1.3 Dissection of cherry showing layers of the fruit – the exocarp, 
mesocarp and endocarp. 
As taken from Miami University index of images, showing the anatomy of different fruit species (105). 
 
The bioactivity of anthocyanins is controlled by their molecular sub-group (106).  Of 
the secondary metabolites, cyanidin and its derivatives are the most common and are 
thought to contribute approximately 90% of the total anthocyanin profile in sweet 
cherries (6, 58).  At low pH (<2), the compound appears red, at a pH of between 2 to 
4 the compound is blue and in alkaline conditions (above pH 7) the anthocyanins are 
degraded (58).  The pH is therefore important to consider when understanding and 
applying techniques of extraction and purification to ensure the profile that is extracted 
has the bioactivity remaining required for function (107).  Extraction techniques 
historically have recovered a low yield of anthocyanin, which is indicative of the 
unstable nature of the compound (58). Pressurised liquid extraction (PLE) (108-110), 
microwave assisted extraction (MAE) (111-113) and ultrasound assisted extraction 
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(UAE) (111, 114, 115) are techniques widely used in the extraction of anthocyanins in 
addition to the traditional maceration method . Solvents commonly used are methanol 
or acetone acidified with hydrochloric, acetic or formic acid, resulting a difference in 
yield of extraction/ efficiency (116).  Solvent-based extraction involves macerating or 
homogenizing a solute in solvent with the resultant bioactive component in the solvent 
to be evaporated and analysed (116).  Whereas microwave- and ultrasound-assisted 
extraction reportedly increase efficiency of the extraction yield.   Whilst they require 
less solvent to extract through the use of microwave and ultrasound assisted 
technology to heat and process the samples in solid-liquid phase, this is a more 
specialised technique (111).  However, given the applied nature of this research, 
investigation of parameters needs to reflect the technology that would be accessible 
to industry to bring any findings to commercial realisation.  
Extraction and subsequent screening for the bioactivity in anthocyanin rich fruits 
through ORAC, ABTS and FRAP methods has enabled limited understanding of 
antioxidant function (50, 67, 72, 117).  However, when considering the bioactivity of 
fruit as measured by total anthocyanin content, there are a number of factors that 
remain to be determined.  The phytochemicals responsible for creating physiological 
change, the effect of these compounds on cytokine expression as a surrogate of 
inflammation (in vitro and in vivo) and susceptibility of these compounds to degradation 
post-harvest all warrant investigation.  
Sweet and sour cherries, blueberries, blackberries, strawberries & red raspberries 
have been identified as being a rich source of anthocyanins (73, 74, 91).  Reported 
anthocyanin levels range from 14.7 mg/100g fresh weight in red raspberries, through 
to 58.6 mg/100g fresh weight in blackberries (91).  However, as will be shown in 
Chapter 2, the concentration of anthocyanin in sweet cherries ranges from 
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6.21mg/100g to 244mg/100g fresh weight for different varieties whereas for sour 
cherries, the maximum previously recorded is 98.4 mg/100g fresh weight (72, 74, 82). 
1.1.3 Cherry anthocyanins: crop, cultivars, waste & seasonal effect 
Primary production of anthocyanin rich fruits is burgeoning in Australia, particularly  
cherries, blueberries, raspberries, strawberries and red skinned apples (11).  
Tasmanian sweet cherries are a valuable commodity and attract a high price in the 
international export market (118).  The volume of production and the inherent value of 
this crop to the local economy, provide the perfect milieu to quantify and explore 
functionality of anthocyanin rich cherries.   
 
 Figure 1.4 Large size cherries shown with reference to a 50-cent coin. 
Photo: courtesy of Reid Fruits 
 
The Prunus avium ‘Lapins’ cherry cultivar is a crossbreed of the Stella and Van 
varietals, that are self-fertile and accounts for approximately 50% of the total 
commercial cherry yield in Tasmania (119).  In Australia, there are approximately 80 
different varieties grown, with ten of the varieties grown in Tasmania discussed and 
compared throughout this thesis (appendix 1).  The temperate climate of the southern 
region of Australia provides optimum growing conditions  for Prunus avium cultivars, 
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with seasonal factors paramount to growth (81).  Cherry growth (figure 1.5) can be 
fickle and is determined by the perfect matrix of temperature, rainfall and sunlight.   
During the winter dormancy period, the fruit requires low temperatures (chilling/ cold-
set) to ensure adequate bud formation (119).   The onset of Spring heralds tree bud 
swell, whereby the bud that was set during winter begins to grow prior to blossoming.  
During the spring months, little rainfall and the absence of severe frosts are required 
to ensure maximum pollination and fruit set are achieved (119).  If there are severe 
frosts and low ground temperature during the period of cherry blossom, there is the 
potential for frost injury and reduced fruit formation, Late spring and early summer is 
the fruit growth and maturation period, where fruit develops from the bud and blossom 
that has developed in months prior.   Crucial periods of impact from rainfall are in the 
spring blossoming and early summer growing and harvest season where fruit is 
developing.  Rainfall during this period has the potential to prevent fruit growth and 
cause subsequent damage to fruit at maturity.   
 
 Figure   1.5 Growing cycle of cherries 
          Photo: courtesy of Reid Fruits 
Whilst the production of sweet cherries in Australia is strong, there is significant volume 
that does not make it to market, and ends up as waste (11).  Globally, reducing waste 
is of critical concern, with significant investment being made to develop strategies to 
re-purpose and harness waste products (120, 121).  Waste from many different fruit 
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species is being utilised to develop new products that will reduce the amount of fruit 
discarded.  Commonly, fruit that has splits, cracks, blemishes or increased softness 
are defining characteristics that make the fruit less desirable and relegate it to the 
seconds/ waste fruit bins (88, 122, 123).  Cherry waste is currently of little economic 
value to growers and insight gained from this study may add worth to the currently 
under-utilized crop.  
The cherry harvest and consumption season in Australia is relatively short, 
approximately one hundred days in length, which commonly requires fruit to be stored 
prior to processing.  Research into the impact of postharvest processing and storage 
conditions on bioactive compounds in blueberries, blackberries and raspberries has 
been undertaken.  Researchers found degradation of anthocyanins was greater at 
higher temperatures and reported losses in the range of 28% to 59% (65, 124-126). 
Storage at temperatures between the 0 to 30oC has been shown to reduce cherry 
lifespan and quality through an increase in metabolism and respiration (123).  Storage 
temperature has also been found to have a significant effect on the rate of water loss 
in sweet cherries (98). Water loss is one of the main limiting factors in post-harvest 
lifespan, and has prompted many producers to circumvent this risk by reducing the 
pulp temperature of cherries to between -4oC and -1oC following harvest (98).  Whilst 
there appears consensus on prolonging fruit life through avoiding high temperatures, 
it remains to be determined how storage at this temperature affects anthocyanin 
content.  Research to date is suggestive of anthocyanin content being influenced by 
both pre and post-harvest factors.   As such, the effect of weather and environmental 
stressors, storage conditions and extraction methods on anthocyanin (77, 78, 89, 111, 
119) will be explored throughout this body of work.   
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1.1.4 Obesity, inflammation & anthocyanin 
Obesity (in particular due to white adipose tissue, WAT) is associated with a state of 
chronic, low-grade inflammation not related to infection (127). Adipocytes from WAT 
are large in size, with limited insulin receptors for promotion of glucose uptake, but 
have high levels of beta-receptors that promote inflammatory marker secretion (127). 
As they expand in size to continue to uptake glucose, lipolysis is promoted, resulting 
in macrophage infiltration of the WAT (128). During lipolysis, macrophages secrete 
cytokines TNF-α and IL-6, which promote macrophage activation and cause chronic 
low-level inflammation (129).  Over time, the macrophages differentiate and fuse 
multinucleate cells that persist for extended periods of time producing more TNF-α and 
IL-6 (130).  WAT appears to be both a source of inflammation and a target for 
macrophages.  The World Health Organisation (WHO) estimates that more than 1.9 
billion adults are overweight or obese.  With that number continuing to rise (131), the 
burden of living in a state of metabolic inflammation increases in magnitude. Obesity-
related inflammatory disease is the catalyst for developing type 2 diabetes and 
dramatically increases the risk of cardiovascular disease (CVD), of which the 
underlying mediator is an increase in inflammatory and pro-inflammatory mediators, 
including IL-6, IL-8, IL-1b, CRP & TNF-α (132). 
To address the extent of the obesity crisis globally, there are a raft of anti-obesity 
medications currently prescribed.  The drugs effectively reduce weight by altering 
appetite, metabolism of macronutrients or reducing consumption of calories (133). 
However, these medications have been linked to significant side effects and 
complications, including gastrointestinal and mood disorders (17, 18, 134) causing 
many to be removed from the market (135, 136).  It is the severity of these side-effects 
that has prompted research into non-drug treatments for obesity. 
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Obesity, cardiovascular disease, metabolic syndrome and respiratory diseases all 
stem from an increased inflammatory state and the measurement of this inflammation 
and is now recognised as one of the major predictors in the development of disease 
(137, 138).  Inflammation and the consequences of inflammatory disease are a major 
health issue for Australia and other western countries.  Inflammation is the non-specific 
immune response that occurs as a result of an insult/ injury and is classified as either 
acute or chronic.  Infiltration of innate immune system cells, including macrophages 
and neutrophils, characterise the acute phase response. Macrophages also contribute 
to chronic inflammation by differentiation and promotion for the infiltration of T 
lymphocytes (138).  In cases of prolonged or chronic low-grade inflammation, the 
inflammatory cascade of events leads to an increased prevalence of many diseases.  
For more than two decades, epidemiological studies have identified an association 
between the regular consumption of fruits and vegetables and improved health 
outcomes, particularly in relation to diseases caused by oxidative stress (139-143).  
More recently, anthocyanins have been identified as the chemical compounds central 
to a range of improved health outcomes (144, 145).  Whilst traditionally anthocyanins 
have been used as natural colourants in the food industry (146), their use as functional 
foods to treat disease grows (47, 64).  Specifically, anthocyanins derived from 
blueberries had a positive effect on obesity measures in a murine model as shown 
through reduction in epidydimal fat pad weight (53), and a blackberry-blueberry mix 
attenuated obesity-derived inflammation in vitro (44).  Whilst anthocyanins are known 
powerful antioxidants (62, 70), preliminary work into their capacity to improve indices 
of metabolic syndrome and gout is encouraging.   Specifically, body mass, blood 
pressure and glucose tolerance were improved following chronic anthocyanin dose in 
high fat fed mice (29) and a reduction in the incidence of gout flares was evident after 
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consumption of cherry juice  (147).   However, the effect of anthocyanins on obesity-
derived inflammatory disease and the underlying mechanisms by which inflammation 
is attenuated are yet to be fully elucidated.   
The majority of research that has been undertaken in anthocyanins is from berry fruits 
or tart cherry varieties (Prunus cerasus) with limited research undertaken into the 
health impact of sweet cherry (Prunus avium L) cultivars (94, 148, 149).  The potential 
to understand the functional effects of the sweet cherry anthocyanins on obesity-
derived inflammation as explored through in vitro then in vivo studies forms the basis 












1.2 Research aims 
The overall aim of this body of work is to quantify, characterize, and investigate 
bioactivity of sweet cherries, by extracting the anthocyanins and assessing some of 
their functional properties through in vitro and in vivo studies.  
The specific objectives of this research that are presented in this thesis are to: 
• Develop a method for extracting, identifying and quantifying sweet cherry 
anthocyanins. 
• Ascertain whether or how anthocyanin content varies across cultivars, seasons 
and grades of fruit and whether it is impacted by post-harvest storage 
conditions. 
• Determine the functional effects of sweet cherry anthocyanins using in vitro and 
in vivo studies of obesity-derived inflammation. 
1.3  Significance of the research  
The significance of this body of work is multifaceted. It explores optimization of 
extraction parameters to enable high recovery yield of anthocyanins. This allows 
accurate quantification of the compounds and application of the biologically active 
anthocyanins and to determine impact they have on disease. In addition, insight 
provided allows clearer understanding of the waste cherry as a commodity which 
contributes to the economic strength and viability of the Tasmanian and Australian 
fresh fruit market. 
Chronic inflammation is the basis of many of the most debilitating diseases for the 
Australian population and that of the Western world. The possibility that anthocyanins 
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could attenuate inflammation has the potential to inform both treatment and 
prophylactic therapies for obesity-related chronic inflammation. Whilst research into 
sweet cherries effect in oxidative stress and fatty liver disease has been undertaken, 
understanding how fruit might attenuate disease is warranted as there is paucity of 
research in this area.  This project will help determine whether anthocyanins could be 
prescribed as a supplement to obese individuals or those at risk of developing obesity. 
One outcome of this study has the potential to provide a novel alternative therapy in 
the treatment of chronic inflammatory disease with widespread impact. 
However, before studies of functionality can be undertaken and in order to maximise 
potential yield of anthocyanin(s), an investigation of the factors that affect anthocyanin 
levels at fruit maturity is needed.  This quantification to better understand the profile of 
cherries grown in Australia may have the potential to influence primary production.  
Specifically, it is of interest to understand differences across cultivars, variation 
between seasons and post-harvest storage conditions.  Investigation of weather 
patterns and seasonal influences may help to determine indicators during the winter 
fruit set and spring blossoming periods that would enable growers to better predict the 
outcomes for the summer picking season.  This in turn would enable fruit to be utilised 
with efficiency and for producers to prepare for dealing with large volumes of waste. 
The gaps in the literature that are of interest to this body of work include the link 
between high density bioactive compounds in waste fruit, the ability when applied to 
prevent and reverse disease (inflammation and obesity) and the transfer of this benefit 
to create a financially viable resource for primary producers. 
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1.4 Thesis organisation  
This doctoral thesis contains a description of a series of experiments and exploration 
aimed at characterising, quantifying and measuring the functional properties of 
anthocyanins from Sweet Cherries (Prunus avium L). This understanding will provide 
a depth of knowledge from the farmgate through to the laboratory and commercial 
outputs.  The influence and potential application extend from the primary producer 
through to the end consumer, with identified health and commercial benefit. 
Chapter 1: Is a general introduction and background themes with rationale as to the 
aims and structure of the thesis and body of work. 
Chapter 2: The first series of experiments determined the conditions and techniques 
involved in characterising and extracting bioactive compounds from sweet cherries.  
This involved a serial approach to identify the most effective and optimised manner to 
extract the highest yield from the fruit.  Factors optimised included solvent type and 
concentration, solvent: solute ratio, temperature, time and fruit processing size and 
conditions (research objective 1).  An edited version of this manuscript was published 
as: 
Blackhall ML, Berry R, Davies NW, Walls JT. 2018. Optimized extraction of 
anthocyanins from Reid Fruits' Prunus avium Lapins cherries. Food Chemistry, 
pp.280–285. 
Chapter 3: Involves a series of experiments aimed at characterizing sweet cherries, 
through experiments of pre and post-harvest conditions.  The fruit was investigated to 
determine difference across cultivar, grade of fruit, seasonal variation (which included 
a retrospective analysis of weather patterns and conditions) and post-harvest storage 
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conditions (research objective 2). 
An edited version of this manuscript has been prepared for publication to be submitted 
to a peer reviewed journal. 
Chapter 4: The fourth chapter contains series of studies exploring the functional 
properties of the anthocyanins.  In vitro and in vivo experiments explore the 
effectiveness of the extract in physiological change (research objective 3). 
An edited version of this manuscript is under review in a peer reviewed journal. 
Chapter 5: The final chapter provides the realised context for application and use of 
anthocyanins derived from sweet cherries.  In a time where economic rationalisation 
of farming and an individual’s concern about maintaining good health are parallel 
concerns, this work may have the potential to impact both. 
 
Unavoidable repetition occurs between chapters as a result of the chapters being 
published or submitted for publication as scientific papers.  Repetition has been 







2 Chapter 2:  Optimized extraction of anthocyanins from Reid 
Fruits’ Prunus avium ‘Lapins’ cherries 
 
An original version of this chapter was published in Food Chemistry journal as an 
original research investigation.  It appears in the literature as: 
Blackhall ML, Berry R, Davies NW, Walls JT. 2018. Optimized extraction of 
anthocyanins from Reid Fruits' Prunus avium ‘Lapins’ cherries. Food Chemistry, 
pp.280–285. 
 Thomson Reuters Journal Impact Factor: 4.946 
 SJR journal ranking: Q1 
Rationale 
This study was conducted to investigate process parameters to develop optimised 
method for extracting anthocyanins from cherries.  The optimised protocol was 
developed to increase yield/ recovery of anthocyanin from waste fruit.  This is the first 
study to scrutinise parameters of time, temperature, solvent (type and concentration) 
and method of breaking down fruit as central to enhancing anthocyanin recovery and 
yield in one study.  The results from this published study have shown there is 






The influence of process parameters on the extraction of anthocyanins from the edible 
portion of fresh, sweet cherries were investigated.  The optimal extraction time and 
temperature were determined as 90 minutes and 37oC, respectively.  A solvent/solid 
ratio of 10mL/g using 100% acidified solvent resulted in the greatest anthocyanin yield.  
No significant difference was observed between the use of methanol or ethanol as the 
extraction solvent.  Ultra-Performance Liquid Chromatography-MS analysis of the 
extract identified four anthocyanins, with cyanidin-3-rutinoside and peonidin-3-
rutinoside accounting for over 95% of the anthocyanin content, while cyanidin-3-
glucoside and pelargonidin-3-rutinoside accounted for the remaining 5%. 244mg/100g 
fresh weight total anthocyanins were determined in the fresh cherries using the optimal 
extraction conditions. 
Keywords: Anthocyanin; sweet cherry; extraction; Prunus avium Lapins 
2.1 Introduction 
Many plants contain bioactive compounds that have been shown to be effective in 
treating a variety of pathologies, particularly diseases associated with oxidative stress 
(139, 140).  Polyphenolics are a class of bioactive compounds that have been a recent 
research focus due to their high antioxidant activity (139, 140, 144).  Anthocyanins are 
members of a subclass of polyphenolic flavonoids and are responsible for the dark 
purple, blue and red colours of many fruits and vegetables.  A number of studies have 
investigated the anthocyanin content and antioxidant activity of plant extracts, 
including those from blueberries, wild berries and grapes (13, 150, 151). 
Cherries are known to be a rich source of anthocyanins, and the anthocyanin content 
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of a number of cherry varieties has been reported (appendix 2) (10, 67, 74, 77, 79, 80, 
89, 91, 94, 95, 117, 152-156).  The reported anthocyanin content of sweet cherry 
(Prunus avium) cultivars is inconsistent; for example, 26 to 225mg/100g for Prunus 
avium ‘Bing’ cherries and 13 to 165mg/100g for Prunus avium ‘Burlat’ cherries (72, 80, 
85, 89, 154). It is unlikely that such variation can be ascribed to differences in 
geographical location and environment alone and are more likely explained by different 
post-harvest factors, including storage conditions and extraction methods. 
A number of methods for the extraction of anthocyanins have been described, 
including pressure-liquid-, microwave- and ultrasound-assisted extraction and the 
traditional maceration in solvent method (111, 112, 115) as outlined in chapter 1. 
However, maceration is an attractive approach for smaller laboratories, as it requires 
no specialist equipment, but the type of solvent, solvent/solid ratio and the temperature 
at which the extraction is performed may affect extraction efficiency and need to be 
controlled. Good yield of extraction with acidified solvent has been reported in different 
anthocyanin rich foods, yet there is no consensus as to the most efficient combination.  
In strawberries, acetone: acetic acid achieved high extraction yield (116) as compared 
to ethanol-water:acetic acid solvent in blackcurrants (107), methanol:acetic acid in 
purple fleshed potatoes (110), and methanol:water in mulberry fruit (114).  Optimization 
of extraction conditions not only results in a greater yield of the compound of interest 
and clarity in solvent application, but also allows a more accurate quantitative 
determination of the compound(s) (157).  The ideal extraction conditions can vary 
dependent on the type of plant and its anthocyanin profile, and as such optimization of 
extraction from different food sources is both commercially and scientifically very 
valuable (109).  
While optimization of the maceration method has previously been investigated in sour 
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cherry pomace (158) (a by-product of juice production), there are no comprehensive 
studies to date investigating extraction conditions for sweet cherry cultivars, nor for 
extraction from whole fruit.  The objective of this study was to optimize the extraction 
of anthocyanins from the whole fruit of sweet cherries by investigating how extraction 
time, extraction temperature, solvent/solid ratio and solvent type influence anthocyanin 
yield. 
2.2 Materials and methods 
2.2.1 Reagents 
Methanol (Merck, Germany); 12N hydrochloric acid (HCl) (Sigma Aldrich, USA); 
cyanidin chloride standard (Sigma Chemical Company, USA); Ethanol (Fronine, 
Australia). 
2.2.2 Cherries 
Prunus avium Lapins cherries (supplied by Reid Fruits, Plenty, Tasmania, Australia) 
were harvested by hand at commercial maturity stage. On the day of harvest, cherries 
were thoroughly washed by rolling in ice water, followed by de-stemming by hand and 
de-pitting using a Steinomat manual cherry stoner (Westmark, Germany).  The pitted 
cherries were stored at -20oC for 24 hours followed by immersion in liquid nitrogen and 
storage at -80oC until extraction.  
2.2.3 Preliminary extractions 
Frozen cherries were thawed at room temperature followed by either bruising in a 
mortar and pestle or being homogenization in extraction solvent using a SilentCrusher 
M homogenizer (Heidolph, Germany).  Cherries were broken down (via bruising or 
homogenization) to enable comparison before anthocyanins were extracted using the 
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maceration method as described by Ghassempour et al. (2008) (111).  In brief, 2g of 
thawed pitted cherries (either bruised or homogenized) were macerated in methanol 
containing 0.1% 12N HCL (2 x 50mL) for 48 hours.  Extraction solvent was retained, 
and fresh solvent added to the fruit pulp once during extraction period.  After 48 hours, 
extracts were combined and centrifuged at 2400g for 15 minutes in an Allegra X-15R 
centrifuge (Beckman Coulter Inc., USA).  Supernatant was retained and solvent 
evaporated as described in section 2.4. The remaining extract was diluted in 50mL of 
0.1% HCL, followed by filtration through 0.45µM and 0.22µM syringe filters.  Samples 
were stored at -20oC prior to UPLC analysis. 
2.2.4 Anthocyanin extraction 
Frozen cherries were broken into small pieces in a mortar and pestle and thawed at 
room temperature for 5 minutes immediately prior to extraction.  Approximately 3g of 
thawed cherry pieces were homogenized in 5mL extraction solvent using a 
SilentCrusher M homogenizer (Heidolph, Germany).  Solvent was added to 
experimental volume, and sample was extracted under the conditions described in 
“Optimization experiments”.  Following extraction, samples were centrifuged at 2400g 
for 15 minutes in an Allegra X-15R centrifuge (Beckman Coulter Inc., USA).  The 
supernatant was transferred to a round-bottomed flask and the solvent evaporated 
using a rotary evaporator (Buchi, Switzerland) at 39oC.  The remaining extract was 
diluted in 50mL of 0.1% HCL, followed by filtration through 0.45µM and 0.22µM syringe 
filters.  Samples were stored at -20oC prior to UPLC analysis. 
2.2.5 Optimization experiments 
Extraction temperature, extraction time, solvent/solute ratio, solvent type and solvent 
concentration were varied to determine their influence on anthocyanin yield. The 
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optimal condition for each parameter was determined according to the highest total 
anthocyanin content (TAC), expressed as mg cyanidin-3-glucoside equivalents/100g 
of fresh pitted cherry weight, and was used for all subsequent optimization 
experiments. 
2.2.5.1 Time and temperature of extraction 
Samples were extracted in methanol containing 0.1% 12N HCL at a solvent/solid ratio 
of 5mL of solvent per gram of fresh pitted cherry weight (5mL/g).  Samples were 
extracted for between 30 minutes and 24 hours at temperatures ranging from 4oC to 
70oC.   
2.2.5.2 Solvent/solid ratio 
Samples were extracted using the optimal time and temperature of extraction as 
determined in section 2.2.5.1. Samples were extracted in methanol containing 0.1% 
12N HCl at a solvent/solid ratio of 2.5, 5, 7.5, 10 or 12.5mL/g of fresh pitted cherry 
weight.  Extraction solvent was replaced twice during the extraction period.   
2.2.5.3 Selection of solvent type 
Samples were extracted using the optimized time, temperature and solvent/solid ratio 
as determined in sections 2.2.5.1 and 2.2.5.2.  Samples were extracted in ethanol 
containing 0.1% 12N HCL or methanol containing 0.1% 12N HCL.  Extraction solvent 
was replaced twice during the extraction period. 
2.2.5.4 Solvent concentration 
Samples were extracted using the optimized parameters as determined in sections 
2.2.5.1, 2.2.5.2 and 2.2.5.3 at solvent concentrations of 0 to 100% (with 0% being 
water, and 100% being pure solvent).  Extraction solvent was replaced twice during 
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the extraction period. 
2.2.6 Anthocyanin quantitation and identification  
Quantitation of total anthocyanins was accomplished by summing areas under the 
peaks observed at 497nm by ultra-performance liquid chromatography (UPLC) using 
a diode array UV/Vis detector (the detector range was only to 500nm).  The detector 
response was calibrated using a cyanidin chloride standard (Sigma Chemical Co.) to 
enable conversion of peak areas into weights of cyanidin or cyanidin-3-glucoside 
equivalents. Targeted analytes for UPLC-MS by Multiple Reaction Monitoring (MRM) 
were selected on the basis of earlier in-house studies and published data for cherry 
anthocyanins (85). 
10μL aliquots of the extracted sample were injected into a Waters Acquity H-series 
UPLC coupled to a Waters Acquity PDA detector in series with a Xevo triple 
quadrupole mass spectrometer.    A Waters Acquity UPLC BEH C18 column (2.1 x 
100mm x 1.7-micron particles) was used, with mobile phases A (5% formic acid) and 
B (acetonitrile). The column was held at 35oC, the flow rate was 0.35 mL/min, with 95% 
A 5% B for 2 minutes, then a linear gradient to 82.5% A and 17.5% B at 7 minutes, 
followed by 3 minutes re-equilibration to original conditions. The PDA was monitored 
continuously over the range 210 to 500nm. 
The mass spectrometer was operated in positive electrospray ionization mode. The 
ion source temperature was 130°C, the desolvation gas was nitrogen at 950 L/hr, the 
desolvation temperature was 450°C and the capillary voltage was 2.7KV in all cases.    
Targeted analytes using MRM are listed in (Table 2.1).  Dwell time was 61ms per 
channel. The cone voltages and collision voltages for the glucosides were 35 and 25V 
respectively, and for the rutinosides 40 and 30V respectively. 
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Table 2.1 UPLC parameters used for identification of anthocyanins from Lapins 
cherries. 
Anthocyanin Precursor ion Product ion 
pelargonidin-3-glucoside 433.10 271.05 
cyanidin-3-glucoside 449.10 287.05 
peonidin-3-glucoside 463.10 301.05 
delphinidin-3-glucoside 465.10 303.05 
petunidin-3-glucoside 479.10 317.05 
malvidin-3-glucoside 493.10 331.10 
pelargonidin-3-rutinoside 579.20 271.05 
cyanidin-3-rutinoside 595.20 287.05 
peonidin-3-rutinoside 609.20 301.05 
delphinidin-3-rutinoside 611.20 303.05 
petunidin-3-rutinoside 625.20 317.05 
malvidin-3-rutinoside 639.20 331.10 
 
2.2.7 Statistical analysis 
Experimental results were analysed using Prism statistical software Version 6.0 
(GraphPad Software, Inc., USA).  Results are reported as the mean of at least three 
replicates, identically handled and using the same samples taken from the harvested 
sample as described in section 2.2, ± standard error.  One- or two-way analysis of 
variance (ANOVA) with Tukey’s correction for multiple comparisons was used to 
determine significant differences (p-value < 0.05) between the means. 
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2.3 Results and discussion 
2.3.1 Identification of anthocyanins present in the extracts 
Individual anthocyanins were separated via UPLC, with peak assignment based on 
matching UV-visible spectra with retention times from previous in-house studies and 
published cherry anthocyanins (85).  Four different anthocyanins were detected in all 
extracts (Figure 2.1). The major anthocyanin identified was cyanidin-3-rutinoside and 
accounted for approximately 80% of anthocyanin equivalents in all samples.  Peonidin-
3-rutinoside was identified as the second major pigment, accounting for approximately 
15% of anthocyanin equivalents, whilst two minor peaks, identified as cyanidin-3-
glucoside and pelargonidin-3-rutinoside, accounted for the remaining 5% of detected 
anthocyanin equivalents.  
 47 
 
Figure 2.1  UPLC chromatogram of anthocyanin profile of Lapins cherries registered at 
497nm. 
Reference peaks on the chromatogram represent the following compounds: A-cyanidin-3-glucoside; B 
– cyanidin-3-rutinoside; C – pelargonidin-3-rutinoside; D – peonidin-3-rutinoside. 
Whilst cyanidin-3-rutinoside has previously been identified as the major anthocyanin 
in sweet cherry cultivars, the identification of peonidin-3-rutinoside as a major pigment 
in Lapins cherries is unique.  Peonidin-3-rutinoside has previously been found to make 
only a minor contribution to overall anthocyanin content, with a number of studies 
identifying cyanidin-3-glucoside as the second major pigment (85, 89, 156).  Serra et 
al. (2011) and Usenik et al. (2008) investigated the anthocyanin profile of a variety of 
sweet cherry cultivars in Portugal and Slovenia, respectively.  For both studies, 
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peonidin-3-rutinoside accounted for less than 2% of total anthocyanin content in Lapins 
cherries (85, 156).  Geographical location and environmental factors, including 
temperature, water status and light exposure, have been shown to impact anthocyanin 
content, therefore the conflicting results found in this study may be partly attributable 
to the contrasting environments in which the cherries were cultivated (69, 159, 160). 
2.3.2 Optimization of experimental conditions  
2.3.2.1 Preliminary extractions 
Extraction for 48 hours utilizing bruised cherries resulted in a mean anthocyanin yield 
of 74.99 ± 9.83mg/100g of fresh pitted cherry weight (data not shown).  This was lower 
than the previously reported anthocyanin concentrations of sweet cherries (72, 80, 85, 
89, 154) and it was hypothesized that bruising did not cause adequate disruption of 
the fruit matrix to allow efficient extraction.  Therefore, a subsequent extraction in which 
the fruit was homogenized was performed.  Homogenization resulted in a significant 
increase (p=0.009) in anthocyanin yield to 133 ± 7.12mg/100g of fresh pitted cherry 
weight, and as such all subsequent optimization experiments were carried out using 
homogenized cherries. 
2.3.2.2 Extraction time and temperature 
Previous research has indicated that increased temperature leads to improved solid-
liquid phase extraction efficiency, due to enhanced diffusion rate and analyte solubility 
(161).  However, elevated temperatures have also been suggested to increase the rate 
of anthocyanin degradation (162-164).  Time and temperature were investigated 
simultaneously to reveal any interaction between the two parameters and allow 
determination of the optimal conditions for anthocyanin extraction. Cherries were 
extracted for between 30 minutes and 24 hours at 4, 22, 37, 52 and 70oC.   
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The highest anthocyanin yield was observed following extraction at 37oC (Figure 2.2). 
TAC reached 222.82 ± 8.88mg/100g of fresh pitted cherry weight at 1.5 hours, after 
which further increases in extraction time resulted in a decrease in yield.  Samples 
extracted for 1.5 hours at 37oC had significantly higher anthocyanin content than those 
extracted for 1.5 hours at 22oC (p < 0.005), 52oC (p < 0.05) or 70oC (p < 0.001) (Figure 
2.2).  Anthocyanin content was also lower in the 4oC samples, although not 
significantly.  These results are in agreement with previous research by Cacace and 
Mazza (2002) investigating anthocyanin extraction from whole blackcurrants, who 
found that anthocyanin yield increased with temperature up to 35oC, whilst further 
temperature increases resulted in a decrease in yield (107).  In contrast, temperatures 
as high as 93oC and 75oC have been reported as optimal in studies investigating 
extraction from grape and sour cherry pomace, respectively (158, 165).  These 
differences may be attributable to the pomace having already been exposed to high 
temperatures during processing, and therefore heat sensitive anthocyanins may 
already have been degraded. 
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Figure 2.2 Effect of a) time, b) temperature, c) solvent/solid ratio and d) solvent 
concentration on the extraction of anthocyanins from fresh sweet Lapins 
cherries. 
TAC – total anthocyanin content determined via UPLC. * - p<0.05, ** - p<0.01, # - p<0.005, ## - p<0.001 
Error bars represent standard error of the mean for at least 3 replicates. 
2.3.2.3 Effect of solvent/solid ratio on anthocyanin yield 
Determining the optimal solvent/solid (S/S) ratio is important when designing extraction 
protocols not only to ensure efficient extraction of the desired compound, but also to 
reduce extraction costs, which are of particular importance when performing large-
scale extractions.  The S/S ratios investigated in this study were based on previous 
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research into the extraction of anthocyanins from sources such as blackcurrants, rose 
myrtle fruit skin and sour cherry pomace (33, 107, 158).  Samples were extracted for 
90 minutes at 37oC at solvent/solid ratios varying from 2.5 to 12.5mL/g. 
The effect of the S/S ratio on the extraction of anthocyanins followed mass transfer 
principles and Fick’s law of diffusion (Figure 2.2).  Anthocyanin yield increased with 
increasing S/S ratio from 2.5 to 10mL/g, due to the corresponding increase in 
concentration gradient and the amount of solute that was able to come into contact 
with the solvent.  A further increase in S/S ratio to 12.5mL/g resulted in a significant 
decrease in TAC (p < 0.01).  The optimal S/S ratio for anthocyanin extraction has been 
shown to vary dependent on a number of factors, including the source material and 
how the material is processed prior to extraction (85, 89, 156, 158).  Yilmaz et al. (2015) 
determined the optimal S/S ratio for anthocyanin extraction from sour cherry pomace 
to be 12.5mL/g. The slightly lower optimal S/S ratio found in this study (10mL/g) is 
most likely due to the use of whole fruit rather than dry pomace.  
2.3.2.4 Solvent type 
Methanol and ethanol are the most common solvents used to extract anthocyanins. 
Previous research indicates that acidification of the solvent leads to a greater 
anthocyanin yield (166, 167).  The addition of acid to the extraction solvent can 
increase anthocyanin extraction efficiency in two ways; the acidic pH denatures cell 
membranes, allowing easier interaction between the solvent and the anthocyanins, 
and the free hydrogen ions stabilize the coloured flavylium cation form of the 
anthocyanin (168).  The current study compared the extraction efficacy of acidified 
methanol and acidified ethanol (both containing 0.1%v/v 12N HCL). 
Extraction with acidified methanol resulted in the highest anthocyanin yield (249 ± 
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4.48mg/100gFW), however acidified ethanol was still able to recover 94% of the TAC.  
These results are in agreement with studies investigating anthocyanin extraction from 
other sources, and are likely due to the slightly higher polarity of methanol as compared 
to ethanol (166, 169). Ethanol is generally recognized as safe (GRAS) for human 
consumption and is often preferred to methanol as an extraction solvent, particularly 
in relation to the extraction of anthocyanins designed for food applications.  Due to its 
GRAS status and results indicating no significant reduction in anthocyanin yield, further 
optimization experiments were undertaken using acidified ethanol as the extraction 
solvent. 
2.3.2.5 Solvent concentration 
Results indicated a positive relationship between solvent concentration and 
anthocyanin yield, with TAC being highest in samples extracted with pure acidified 
ethanol (244mg/100gFW, Figure 2.2d).  This yield was slightly (but not significantly, p 
> 0.10) higher than samples extracted with 75% solvent, and significantly (p < 0.01) 
higher than yields achieved using 50% solvent, 25% solvent or acidified water.  
Previous research has suggested that aqueous solvents are more effective at 
extracting anthocyanins than pure solvents - an ethanol concentration of 69 to 70% 
has been shown to be most effective at extracting anthocyanins from grape pomace 
(165, 170), whilst 44% ethanol has been indicated as the optimum concentration for 
extraction from sour cherry pomace (158).  The conflicting results found in this study 
may partially be attributable to the difference in the matrices of the anthocyanin source.  
The water content of fresh sweet cherries has been estimated to account for 81% of 
the edible fruit weight (171), and would have contributed to a reduction in the final 
concentration of the solvent.   
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2.4 Conclusions 
An optimized extraction procedure was determined for the extraction of anthocyanins 
from fresh, whole sweet cherries (Lapins cultivar).  The optimal extraction parameters 
were a 90-minute extraction time, 37oC temperature, 10mL/g solvent to solid ratio and 
100% acidified ethanol concentration. To the best of our knowledge, this is the first 
study to comprehensively investigate the effects of time, temperature, S/S ratio, 
solvent type and solvent concentration on the extraction of anthocyanins from fresh, 
whole sweet cherries.  This information will be valuable from both a commercial and 
scientific perspective in its own right but also to enable the quantities of compound 
needed for functional experiments to be obtained more easily.  
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 Figure 2.3 Photo of cherry extract on completion of extraction steps 
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3 Chapter 3:  Anthocyanin content of sweet cherries: differences in 
fruit grade, cultivar, seasonal variation and storage conditions  
Rationale 
This study was conducted to determine if there was variation between fruit grade, 
cultivar and season.  It was also an additional reliability measure to determine if the 
fruit that was stored post-harvest, degrades under different conditions.  This study 
provides much needed context to the value and potential use of waste fruit and will 
inform post-harvest storage of fruit to ensure anthocyanin is not lost. 
Abstract 
Although approximately 18,500 tonnes of sweet cherries (Prunus avium L.) are 
produced annually in Australia, an estimated 20 to 50% of each season’s crop is 
deemed unfit for market.  Cherries are known to be a rich source of anthocyanins so 
the recovery and conversion of this waste into value-added products has potential for 
economic and environmental benefits. However, whether the anthocyanin content of 
Australian sweet cherries is influenced by season, storage conditions or cultivar type 
is not known.  The aim of this research was to ascertain the difference in total 
anthocyanin content (TAC) of waste compared with premium grade fruit and to 
determine if season, storage and cultivar type affect TAC.  Premium and waste 
cherries were harvested at commercial maturity across three consecutive growing 
seasons from 2014 – 2017 and after grading, were stored at either -20oC or -80oC.  At 
0, 3, 6, 12- and 24-months post-harvest, anthocyanins were extracted and the 
anthocyanin profile and total anthocyanin content (TAC) were determined via ultra-
performance liquid chromatography UPLC.  Waste fruit was up to 43% higher than 
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premium grade fruit and significant differences in total anthocyanin content were 
identified between varieties.  Kordia (Prunus avium L. ‘Kordia’) was the richest source 
of anthocyanins, with a TAC of 873mg/100g, followed by Vans (Prunus avium L. 
‘Vans’), Sweet Georgia (Prunus avium L. ‘Sweet Georgia’), Simone (Prunus avium L. 
‘Simone’) and Lapins (Prunus avium L. ‘Lapin’).  There was also a significant difference 
in TAC between fruit stored at -20oC and -80oC, with as little as 4.4% TAC remaining 
after 24 months at -20oC.  This suggests that the currently under-utilised cherry waste 
fruit provides a potential economic benefit for producers, with high amounts of valuable 
TAC for extraction.  Furthermore, the Kordia (Prunus avium L. ‘Kordia’) cultivar 
warrants further study due to its high TAC. 
Key words: Anthocyanin; sweet cherries; Prunus avium L.’ Kordia’; waste fruit 
3.1 Introduction 
Fruit and vegetable waste products have traditionally been used as feed (172), silage 
for livestock (15), compost (14), biofuel (173, 174) and more recently as lignocellulosic 
biomass (LCB) (12, 175, 176).  The conversion of LCB waste material into renewable 
energy has been heralded as a solution for the disposal of plant waste by significantly 
reducing the reliance on landfill (176-178).   However, the diversion of these 
agricultural wastes into human foods is more desirable, with the potential to deliver a 
greater economic return (179, 180).   
Research into developing waste food into a commercial product has focussed on foods 
with high concentrations of bioactive phenolic compounds (179), such as 
anthocyanins. Currently, anthocyanins from elderberry, red beet, hibiscus and red 
cabbage are used in the food industry as a natural colourant (181, 182).  However, 
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due to their many health benefits, an additional focus has been their potential use as 
a nutraceutical. Recent studies suggest that anthocyanin-rich compounds may 
improve digestion (183), be neuroprotective (184) and improve skin hydration when 
applied topically (185).  
Sweet (Prunus avium L.) and sour (Prunus cerasus) cherry varieties provide a rich 
source of anthocyanins (73, 94, 153, 186), with global production estimated to be in 
excess of 3.7 million tonnes annually (http://www.fao.org/faostat/en/#data/QC).  In 
Australia, sweet cherry cultivars are preferentially grown, with 18,500 tonnes produced 
annually (118). Whilst production is small on a global scale, the crop is a valuable 
commodity contributing $164 million to the local economy in 2016 (118).  The 
temperate climate of southern Australia provides ideal growing conditions (119), as 
demonstrated by the Southern state of Tasmania, producing cherries at a rate of 7.1 
tonnes per hectare, a 25% greater yield than any other region in Australia (118).   
However historically, 20-50% of the crop is deemed unfit for market where the majority 
of this fruit is dumped with only a small proportion being re-purposed  (120).  
Identification of methods that efficiently transform this waste into commercially viable 
products presents an opportunity for the industry. To support this research, a detailed 
understanding of the type(s) and potential yield of anthocyanins from waste fruit is 
needed.   
The anthocyanin profile and concentration found in the fruit varies significantly between 
cherry varieties (85, 89, 152, 156).  In Australia, there are over 80 varieties grown, with 
20 varieties contributing to commercial output (119) yet limited research into the 
individual cultivars and their bioactive compounds has been completed.  The majority 
of research into cherry anthocyanin content has been undertaken in premium grade 
fruit and sour varieties (59, 187), with minimal studies examining waste fruit or sweet 
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cherry cultivars. Research in sour cherry cultivars has focussed on profiling 
anthocyanin content, determining antioxidant capacity (10, 149, 153), identification of 
anti-inflammatory properties (188), determining impact on melatonin regulation and 
sleep quality (189) and examining the influence on exercise performance and recovery 
(190-193). 
As a comprehensive characterisation of the anthocyanin profile of a range of sweet 
cherry cultivars is lacking, particularly those identified as having commercial 
significance, research on this topic is warranted.  The aims of the present study were 
to profile the anthocyanin content of premium grade and waste fruit from a range of 
sweet cherry cultivars across different growing seasons. 
3.2 Materials and Methods 
3.2.1 Cherry sourcing 
Fresh Prunus avium L. cherries that had been graded according to industry standards 
were sourced from Reid Fruits (Plenty, Tasmania, AUS).  The cultivars investigated in 
this study were Lapins, Kordia, Regina, Simone, Sella, Vans, Sylvia, Sweet Georgia, 
Fertard and Sweetheart (Prunus avium L.).  For commercial reasons, not all varieties 
were available each year, as such sampling was opportunistic based on availability.    
3.2.2 Cherry selection 
In brief, after being hand-picked, the fruit underwent a two-step grading process to 
separate the fruit into first (premium), second and third grade (waste). Firstly, it was 
graded (Airjet, GP Graders, Victoria, AUS) and then optically sorted according to size 
and colour (TrueSort, Ellips, Eindhoven, NL) figure 3.1. The optical grading used high 
intensity LED lighting to illuminate the fruit, and then it was photographed using high 
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definition cameras, which enabled the highest recovery of premium grade fruit 
(appendix 3).  The third grade or waste fruit was separated out and stored for disposal.  
 
Sorting and separating fruit according to colour. 
 
Cherries sorted according to colour and deemed waste fruit. 
 Figure 3.1  Cherry processing showing sorting according to colour. 
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The imperfections that would deem the fruit unsuitable for the fresh fruit market and 
categorise it as first, second or third grade include splits, cracks, pits, softness and 
colour variation (194) figure 3.2.   
  
      Waste: splits and cracks       Waste: small in size 
Figure 3.2 Examples of characteristics that deem fruits premium grade or waste fruit. 
Samples of the premium and waste fruit were collected at maturity in 2014/2015, 
2015/2016 and 2016/2017 seasons. After the cherries were transported to the 
laboratory they were washed and de-stemmed by hand, and then de-pitted using a 
Steinomat hand processer (Westmark, Lennestadr-Elspe, GER). The cherries were 
then stored according to the experimental protocol (detail below) until processing 
occurred.   
3.2.3 Storage Conditions 
To determine the influence of storage conditions on TAC over time, premium grade 
Prunus avium L. ‘Lapin’ cherries were randomly allocated to either -20oC or -80oC 
storage temperatures after being refrigerated for 24 hours. Fruit from each temperature 
allocation was tested for anthocyanin content after the 24-hour refrigeration, and then 
at 3, 6, 12 and 24 months.  
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3.2.4 Extraction and quantitation of sweet cherry anthocyanins 
The edible portion of thawed sweet cherry fruit (100g) was homogenized in acidified 
ethanol (1L 0.1% 12N HCL ethanol) and incubated for 90 minutes at 37oC. The sample 
was vacuum-filtered, and the solvent evaporated to 25 mL using a rotary evaporator 
(Buchi, CHE) at 39oC before being filtered through 45 µM and then 20 µM syringe 
filters. Samples were stored at -80oC before being assayed by ultra-performance liquid 
chromatography (UPLC) and all measures were undertaken in triplicate.  Quantitation 
of total anthocyanin content (TAC) was undertaken by the method previously reported 
by this group (186).  In brief, quantitation was accomplished by summing areas under 
the peaks observed at 497nm by UPLC using a diode array UV/Vis detector.  The 
detector response was calibrated using a cyanidin chloride standard (Sigma Chemical 
Co., USA) to enable conversion of peak areas into weights of cyanidin or cyanidin-3-
glucoside equivalents (21).  All samples were tested in triplicate to ensure reliability of 
measurements. 
3.2.5 Data analysis 
Experimental results were analysed using Prism Version 6.0 (GraphPad Software, Inc, 
USA).  Results are reported as the mean of three replicates ± standard error.  One- or 
two-way mixed analysis of variance (ANOVA) with Tukey’s correction for multiple 






3.3.1 Total anthocyanin content (TAC) of waste and premium grade fruit 
The TAC of waste Prunus avium L. ‘Lapin’ cherries from the 2014/15 season was found 
to be 43% higher than that of premium cherries (Figure 3.3). To examine this effect 
further, a different cultivar was chosen from the 2016/17 growing season as a point of 
comparison.  The TAC for Prunus avium L. ‘Kordia’ waste fruit in 2016/17 was 18% 
higher than premium grade fruit (Figure 3.3). 
 
Figure 3.3  Total anthocyanin content of premium grade and waste fruit for Prunus 
avium L. ‘Lapin’ cultivar (2014/15) and Prunus avium L. ‘Kordia’ (2016/17) are 
expressed as mean ± SEM (*p < 0.01). 
3.3.2 Variation of total anthocyanin content across cultivars 
Across three consecutive growing seasons, 2014/15, 2015/16 and 2016/17, the 
anthocyanin content of premium grade fruit in a range of different cultivars was 
determined.  Significant differences were found, both within season between the 
varieties, and between seasons, with TAC ranging from 138.7 to 872.9mg/100g FW 






















avium L. ‘Simone’ and Prunus avium L. ‘Kordia’ were consistently available.  
Interestingly, Prunus avium L. ‘Kordia’ cultivar had significantly higher TAC than all the 
other cultivars across each of the growing seasons. 
The 2015/16 growing season had higher TAC in all the varieties measured compared 
with 2014/15 and 2016/17 (Figure 3.4).  The Prunus avium L. ‘Stella’, Prunus avium L. 
‘Sylvia’, Prunus avium L. ‘Lapin’ and Prunus avium L. ‘Simone’ varieties had the lowest 
TAC (below 400mg/100g FW) whereas the Prunus avium L. ‘Vans’ and Prunus avium 
L. ‘Sweet Georgia’ varieties had TACs in excess of 500mg/100g FW (Figure 3.4b). In 
2015/16 Prunus avium L. ‘Kordia’ had a TAC almost three times higher than Prunus 
avium L. ‘Sylvia’ at 293mg/100g FW (Figure 3.4b).  Compared to the average of all 
other varieties of that season, Prunus avium L. ‘Kordia’ had ~1.4 times the TAC. 
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Figure 3.4 Total anthocyanin content of premium grade fruit was measured across 
three consecutive growing seasons (a) 2014/15, (b) 2015/16 and (c) 2016/17. 
N/A represents when fruit was unavailable for testing.  All samples were tested in triplicate and results 
are expressed as mean ± SEM with a one-way ANOVA. 
3.3.3 Effect of storage conditions on total anthocyanin content 
Premium grade Lapins were analysed over the course of 24 months to determine the 






















































































a significantly higher (p=0.001) retention of anthocyanins as compared to storage at -
20oC (Figure 3.5).  There was a decline in the TAC of cherries stored at -20oC over 24 
months. In contrast, TAC of cherries stored at -80oC decreased by only 27% following 
3 months of storage, followed by a return to 99% of fresh TAC at the 12-month time 
point. After 24 months of storage, TAC was reduced to 10.9% and 4.4% of original 
levels after storage for 24 months at -80oC and -20oC, respectively (Figure 3.5). 
 
Figure 3.5  The TAC of premium cherries, stored at -20oC and -80oC, was analysed at 
four time-points across 24 months to determine impact of storage temperatures on 
post-harvest TAC.  Results are expressed as mean ± SEM (*p=0.0001). 
3.4 Discussion 
This study yielded four noteworthy results. Firstly, cherry waste was found to be up to 
40% higher in anthocyanins than premium grade fruit as observed in Prunus avium L. 
‘Lapin’ and Prunus avium L. ‘Kordia’ cultivars. Thus, cherry waste has the potential to 
be turned into a valuable resource as has been the case with other fruit waste (12, 
173, 174, 179).  Aslam and colleagues (12) were able to utilise mango waste to 
enhance both fibre and phenolic content of biscuits.  Extraction from red prickly pear 




















peel (waste) enabled recovery of natural colourant to be utilised in value added 
products providing a direct economic outcome (195).  To be able to effectively re-
purpose waste fruit, it is essential to understand the anthocyanin content across 
different cultivars and to determine what variation occurs within the fruit and between 
seasons.    
The second finding was the significant variation of anthocyanin levels between different 
cultivars within the same season (intra-season variability).  Of the varieties analysed, 
Prunus avium L. ‘Kordia’, had significantly higher anthocyanin than all others tested.  
Prunus avium L. ‘Kordia’ is harvested mid-late season, and only accounts for a small 
percentage of the overall yield of sweet cherries grown due to variable cropping (196).  
It is reportedly more challenging to grow, compared to other varieties, as it is difficult 
to set fruit and it requires more ‘chilling hours’ (~1300 hours) (81).  The flowers of 
Prunus avium L. ‘Kordia’ are also very susceptible to frosts which adds to the challenge 
in production, yet if the flowers remain undamaged, the fruit thrives in cooler climates 
(119).  This variety-specific anthocyanin content will provide useful context for primary 
producers and inform which varieties to plant.  It may also potentially explain the higher 
anthocyanin content of Prunus avium L. ‘Kordia’, when grown in colder temperate 
climates like Tasmania, Australia. 
The third finding of significance is the inter-season variability of TAC.  For two varieties 
studied across three growing seasons, Prunus avium L. ‘Kordia’ and Prunus avium L. 
‘Simone’, significant fluctuation of TAC was observed. The 2015/16 growing season 
remained the superior season for TAC of the three measured in contrast to the 2016/17 
growing season, which had the lowest TAC.  As a potential explanation for this 
variation, we retrospectively examined weather information for the region as provided 
by the Bureau of Meteorology (www.bom.gov.au).  We identified patterns of rainfall 
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and temperature that appear to impact TAC (appendix 4).  The highest anthocyanin 
levels, found in 2015/16 season, appeared to result from low rainfall during the 
blossoming period (August to October) and during harvesting (December to January).  
In addition to rainfall, temperature appeared to play an important role in producing high 
TAC fruit. Low temperatures during winter (winter chilling), temperatures above 13oC 
during spring (September to October), plus higher temperatures in summer fruiting 
(picking) season appear beneficial.  In 2016/17, there was low rainfall during the 
blossoming period (July), high rainfall in September and the average minimum 
temperature for June and July was not as cold and the low temperature is required to 
get a good “cold set” chill to set the fruit.  Furthermore, the average maximum 
temperatures were not as high in 2016/17 as in the 2015/16 season. Whilst this 
information is retrospective only, it does potentially identify the ‘ideal’ weather 
conditions for a high TAC crop.  The possibility of predicting crop losses/gains due to 
weather patterns is worthy of further exploration and would be paramount for producers 
to plan for favourable season outcomes.   
Finally, it was evident that storage temperature and storage time both significantly 
impact the rate of degradation of anthocyanins.  The novelty of this work was our ability 
to demonstrate the precipitous decline in TAC at 24 months post-harvest at either -
20oC or -80oC.  Our findings are in line with previous work into polyphenol degradation 
in elderberry, raspberry and blackberry juice after storage at -20oC but for short time 
periods of up to 12 months (125, 197, 198).  Conversely, work by Hager et al (126)  
found no impact of storage at -20oC for blackberry fruit, although the storage period 
was only 6 months, and if measured for a longer time period may have been in line 
with our findings.  
Of additional interest in this study was that cherries stored at -80oC showed a 
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significant increase in TAC at the 12 month time period, a result in line with research 
by Allaith and colleagues (199) who also found freezing increased TAC in dates. 
Conversely work by Lohachoompol and colleagues (66) found freeze-drying 
blueberries caused a decrease in overall anthocyanin. However, the fruit was only 
tested after 6 months, so potentially if analysed again at 12 months this result may 
have been in line with our findings.   Conversely, it is possible that freezing for longer 
periods alters the concentration through osmotic dehydration (200, 201).  It is expected 
that on freezing anthocyanins release occurs due to ice crystal formation under the 
skin of the fruit, causing the membrane to rupture and release the anthocyanins (202).  
To account for this, the cherries were frozen for 24 hours at -20oC, before lowering 
them into liquid nitrogen which would reduce the drying effect.  Chromatograms at 
each of the storage timepoints (0, 3, 12, 24 months post-harvest appendices 5a-d) 
were scrutinised to provide reasoning as to the increase in anthocyanin recorded at 12 
months storage at -80oC.  There was no difference in the anthocyanins observed at 12 
months storage, the only difference in anthocyanins was at 24 months post-harvest at 
-20oC whereby there was an additional peak observed (appendix 5d).  This increase 
in anthocyanins determined at -80oC after 12 months storage and the additional peak 
identified at 24 months storage at -20oC could indicate a degradation of the side chains.  
Whereby the samples at -20oC are most susceptible to degradation which is why there 
is precipitous decline in the anthocyanins, due to the cell membrane rupture from ice 
crystal formation.  At -80oC over the first 12 months storage there is more release of 
anthocyanins, albeit passive, until all the anthocyanin is released after which it 
degrades (as can be seen at 24 months). 
Consequently, if the waste cherry fruit was to be used for extraction, freezing at minus 
80oC would be an acceptable method, with 12 months storage being optimum for TAC.  
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There is currently some debate that the state of ripeness/colour that the fruit holds prior 
to being stored impacts the rate of degradation (203).  Whilst measures of colour were 
not analysed in this work, this issue warrants further study, and could provide 
reasoning as to the high levels of TAC in waste fruit (due to being over-ripe or dark in 
colour). 
3.5 Conclusion 
The results of this work on cherry TAC suggest there is value in the underutilised waste 
material, whether it be nutraceuticals, or other products.  This would allow producers 
to turn waste product into an economically viable commodity.  The retrospective 
examination of weather patterns and impact on TAC also warrants further study, as it 
could be useful to allow growers to forecast and prepare for waste fruit.  Whilst storage 
does impact the rate of degradation of the bioactive components, consideration as to 
the time and temperature under which fruit is stored, is advisable if the fruit is to be for 
extracting anthocyanins.   From this body of work, it is evident that increased 
understanding functional stability is imperative when considering the potential 
application and extraction of bioactive compounds.  Future studies should address the 







4 Chapter 4:  Sweet cherry anthocyanins reduce weight gain and 
inflammation in high fat fed mice 
 
RATIONALE 
This study was conducted to investigate the functional capacity of sweet cherry derived 
anthocyanins in vitro and in vivo.  As a progression from findings in chapters 2 and 3 
it was important to gain an understanding of capacity of the extract to attenuate disease 
or to change metabolic process at a cellular level and then in a whole system. 
Abstract 
Obesity and associated inflammation are major risk factors for cardiovascular disease, 
type 2 diabetes and some cancers, making obesity a global health concern. Since 
drugs used to treat obesity elicit side effects, identifying non-drug treatments are 
worthwhile. The aim of this study was to assess the efficacy of sweet cherry 
anthocyanins (SCA) as a treatment and preventative therapy for obesity and 
inflammation.  LPS-stimulated RAW267.4 macrophages were incubated with SCA to 
determine effectiveness of reducing inflammation in vitro. Treatment with SCA 
significantly reduced secretion of IL10 by 69.6% (p=0.02) and GM-CSF by 46% 
(p<0.001) relative to untreated cells.  High fat fed C57BL/6J mice provided the in vivo 
context with the SCA tested in both prevention and reversal arms of a supplementation 
trial.  Mice in the prevention trial gained 19% less weight (P<0.05) following 6 weeks 
supplementation with SCA (40mg/kg BW/ day). No significant difference in weight was 
found in the 10-week reversal arm of the trial yet SCA supplementation did cause 
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reduced inflammation in the mice. Therefore, as SCA significantly reduced the rate of 
weight gain and the associated chronic low-grade inflammation induced by a high fat 
diet, they provide a potential non-drug therapy for obesity and inflammation.  
Key words: Anthocyanins; sweet cherry; obesity; inflammation 
4.1 Introduction 
High fat, high calorie diets and resultant chronic low-grade inflammation in obesity 
have been identified as precursors to the development of disease states such as 
coronary artery plaque formation and insulin resistance (30, 204-207).   As the global 
burden of disease resulting from obesity and inflammation increases (208), there has 
been a focus on identifying foods that have functional properties that may reduce 
inflammation and associated disease (30, 31, 44, 49, 61). 
Whilst there are drug strategies and treatments currently available to treat obesity (e.g. 
statins, appetite suppressants, pancreatic lipase inhibitors), their use often causes 
undesirable side effects (134, 209-211).  These include nausea and vomiting, altered 
bowel habits, gut malabsorption syndromes and increased psychiatric events, all of 
which may contribute to low compliance rates (18, 134, 210).  Recent studies have 
shown that the natural phytochemicals present in foods, including anthocyanins, might 
play a role in attenuating obesity by decreasing weight gain and adipose tissue without 
significant side effects (26, 212).  However, there is a paucity of research investigating 
the impact of anthocyanins on obesity-associated inflammation. 
Anthocyanins are water-soluble polyphenols, which give fruit, vegetables and plants 
their red, blue and purple hue.  To date, both in vitro and in vivo studies have 
investigated the bioactive potential of anthocyanins, yet work connecting these 
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elements, in order to better understand the biological activity and mechanisms 
responsible is warranted. Inflammation is a complex process and RAW264.7 
macrophages are universally accepted as a screen for assessing anti-inflammatory 
effect of bioactive substances (28, 31, 34, 213).  In vivo anthocyanin research has 
been undertaken in both humans and animals, investigating the effect of dietary 
anthocyanins on cardiovascular disease, metabolic syndrome, inflammation, and 
insulin sensitivity (29, 30, 32, 35).    Recent studies suggest that anthocyanins reduce 
weight gain in mouse and rat models of obesity (47, 49, 212).  An unanswered question 
is whether anthocyanins can both prevent additional weight gain and/or reverse 
obesity.  
Whilst research into the biological effect of anthocyanins derived from a range of 
sources has been carried out, the majority of research has been undertaken on the 
bioactive components isolated from tart cherry cultivars and other berry fruits (30, 48, 
51, 214-217).  The active constituents in tart cherries are cyanidin and its glycosides, 
primarily cyanidin-3- O-glucosylrutinoside and cyanidin-3-O-rutinoside (94), whereas 
in berry fruits, the primary anthocyanins are pelargonidin and its glycosides (32).  
Sweet cherry cultivars also contain cyanidin (85) with peonidin-3-rutinoside the major 
pigment in Lapin sweet cherries (186). As previous work indicates, sweet cherry 
varieties have significantly higher levels of these anthocyanins than tart cherries, they 
form the focus of the current study.  
The mechanism(s) by which anthocyanins produce their effects are essentially 
unknown. Thus, the aims of the present study were to test the hypothesis that sweet 
cherry anthocyanin (SCA) (a) reduces the release of inflammatory mediators from 
lipopolysaccharide (LPS)-stimulated RAW267.4 macrophages in vitro, and (b) prevent 
and/or reverse weight gain and inflammation in high fat fed C57BL/6J mice. 
 73 
4.2 Materials and Methods 
4.2.1 Cherry sourcing, selection and storage 
Fresh Prunus avium Lapin cherries were sourced from Reid Fruits (Plenty, Tasmania, 
AUS).  The cherries were washed and de-stemmed by hand, then de-pitted using a 
Steinomat hand processer (Westmark, Lennestadr-Elspe, GER) before being 
individually snap frozen in liquid nitrogen.  The cherries were then stored at -80oC until 
required for processing and extraction of the anthocyanins. 
4.2.2 Extraction of sweet cherry anthocyanins 
The edible portion of sweet cherry fruit (100g) was homogenized in acidified ethanol 
(1L 0.1% 12 N HCl ethanol) and incubated for 90 minutes at 37oC. The sample was 
vacuum filtered, and the solvent evaporated to 25 mL using a Buchi rotary evaporator 
(Merck, Sydney, AUS) at 39oC before being filtered through 45 µm then a 20 µm 
syringe filter.  All samples were stored at -80oC for a maximum of 6 months before 
being assayed by ultra-performance liquid chromatography (UPLC) as previously 
described (186) and included in chapters 2 and 3 of this thesis.  As per section 3.2.4 
of this thesis, characterisation and quantitation via UPLC was undertaken on every 
sample prior to usage in in vitro and in vivo experiments to ensure reliability of 
anthocyanin extract. The relative proportions of the identified anthocyanins (cyanidin-
3-glucoside; cyanidin-3-rutinoside; pelargonidin-3-rutinoside; peonidin-3-rutinoside) 
which made up 90% of the total in the SCA extract, remained constant throughout, 
regardless of whether the extract was for treating mice or cells (see appendix 6).  Whilst 
the overall TAC differed across extractions these were adjusted to ensure doses were 
kept constant.   
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4.2.3 In vitro studies to determine efficacy of sweet cherry anthocyanin in 
reducing inflammation 
4.2.3.1 Cells 
RAW264.7 murine macrophages were donated by Associate Professor Adele 
Holloway (School of Medicine, University of Tasmania, Hobart, AUS). Cells were 
cultured in Falcon Tissue Culture Flasks (Corning, Victoria, AUS)  in  Rosewell Park 
Memorial Institute (RPMI) media supplemented with 10% heat-inactivated Fetal 
Bovine Serum (FBS; Fisher Biotec, Perth, AUS) and 2% penicillin-streptomycin 
stabilised solution (Sigma Aldrich, St Louis, USA) in a 5% CO2 incubator at 37oC. Cells 
were seeded at approximately 1 x 106 cells per 75cm2 flask and were subcultured when 
at 80% confluence (passaged a maximum of 10 times) by cell-scraping then re-plating 
at ¼ cell density.   
4.2.3.2 Cell viability assay to determine SCA concentration for use in vitro 
investigations 
Cells were pre-treated with SCA (0 – 500 µM) for 24 hours at 37oC, with H2O2 acting 
as a blank in the assay.  Cell viability was assessed using the MTT Cell Proliferation 
Assay (Cayman Chemical Company, Ann Arbor, USA) as per manufacturer’s 
instructions.  Results indicated that up to 100 µM SCA did not adversely affect the 
growth of RAW264.7 macrophages, and as such this concentration was used for in 
vitro investigations (appendix 7). 
4.2.3.3 Analysis of inflammatory mediators 
RAW264.7 cells were incubated with SCA (100 µM) for 1 hour, followed by stimulation 
with LPS (1µg/mL; Sigma Aldrich, St Louis, USA) for 24 hours (28).  After 24 hours, 
cells were harvested via scraping and the suspension centrifuged.  Both the 
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supernatant and cell pellet were collected and stored at -80oC until ELISA analysis. 
Concentrations of the inflammatory mediator’s interleukin 6 (IL-6), interleukin 10 (IL-
10) and granulocyte macrophage colony stimulating factor (GM-CSF) in the culture 
media were measured using ELISA (Jomar Life Research, Carribean Park, AUS) 
according to manufacturer’s instructions. All samples were assayed twice in triplicate 
and with a blank to ensure assay reliability. Data were expressed as the mean ± SEM.  
 
4.2.4 In vivo studies 
4.2.4.1 Animals 
All experimental procedures were approved by the University of Tasmania Animal 
Ethics Committee (A0015582) and performed in accordance with the Australian code 
of Practice for the Care and Use of Animals for Scientific Purposes – 2013, 8th Edition 
(218). 
Male C57BL/6J adult mice (n=96) were obtained from the University of Tasmania 
Central Animal Facility (Cambridge, Tasmania, AUS).  Ear-marked mice were housed 
in groups of between three to five utilising Opti mouse caging in accordance with 
Tasmanian Animal Ethics requirement to house mice in groups.  Mice were kept in a 
12 hr-12 hr light-dark cycle with ad libitum access to food and water in the Medical 
Science Precinct animal house (Hobart, Tasmania, AUS).  On arrival, mice were 
acclimatised to the animal facility for at least one week before starting experimental 
diets, during which time they were provided water and standard chow ad libitum and 
monitored daily for adverse clinical signs (distress/ ill health) as per animal ethics 
requirements.   
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4.2.5 Study design 
In order to test the effects of SCA on obesity and inflammation, following 
acclimatisation, mice were randomly allocated to one of two experimental arms - 
‘Prevention’ (PT) or ‘Reversal’ (RT) and further allocated to treatment (Tx) or control 
group (Cx) within each arm of the trial (Fig 4.1).  The six-week prevention (PT n=48) 









 Figure 4.1  Study protocol for in vivo studies. 
* All mice were fed a HFD for the duration of the study in both PT (6 weeks) and RT (10 weeks).  In the PT, mice in the treatment 
arm (Tx) had SCA added to their drinking water at the start of week one (day 1) and it was maintained for 6 weeks.  In the RT, all 
mice were fed a HFD and at the end of 6 weeks mice were divided into Control (Cx) and Tx groups.  Tx mice had SCA added to their 
water at the end of week 6 (day 43) and this was continued for 4 weeks.
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4.2.6 Diet composition 
Each group received commercially prepared high fat rodent chow (SF03-002; kcal: fat 
59%, carbohydrate 26%, protein 15%; Specialty Feeds, Glen Forrest, AUS) and water 
ad libitum.  SCA at a dose of 40mg per kg body weight per day (64), was added to the 
water for the treatment phase of both prevention and reversal trials. 
4.2.7 Measurements 
Body weight, food and water intake were measured weekly.  Fresh chow was provided 
to the mice twice per week. Body weight calculations were made on groups(s) of 24 
or similar.   Based on experimental design, food intake and water intake were 
calculated on groups of 6 (n = 6) as there were 3-4 animals per cage and so total food 
and water per cage divided by number of animals per cage).  Blood was collected 
using EDTA-coated tubes by submandibular bleed (at baseline, midpoint and end of 
the trial). Blood glucose was measured using an Accu-check handheld monitor 
(Roche; CHE).  At the conclusion of the study (6 weeks for PT or 10 weeks for RT), 
mice were exsanguinated via cervical dislocation. Epididymal fat pads (EFP) were 
removed, weighed and stored at -80oC until analysis as an additional measure of 
obesity. Blood samples were centrifuged at 1000g for 15 min at 4oC to separate 
plasma. Plasma was transferred to a clean tube and re-centrifuged at 10,000 g for 10 
min at 4oC, followed by separation into 30µL aliquots and stored at -80oC until analysis. 
Plasma concentrations of IL-1b, IL-6, IL-10, TNFa, GM-CSF and MIP-2 were analysed 
at Cardinal Bioresearch (Brisbane, Queensland, AUS) via multiplex assay (Milliplex; 
Merck, Burlington, USA). 
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4.2.8 Data analysis 
Values are presented as mean ± SEM and statistical analysis was performed using 
SPSS (IBM, USA). Outliers were identified as mice with results more than two SD from 
the mean in multiple variables and were omitted from analyses. Comparisons between 
groups in vivo trial were made using One-way ANOVA, followed by Student two-tailed 
t-test on identification of a significant (p<0.05) ANOVA.   
 
4.3 Results 
4.3.1 Effect of SCA treatment on inflammatory mediators in RAW264.7 
macrophages in vitro 
Stimulation of RAW264.7 macrophages with LPS increased the secretion of 
inflammatory mediators. Following treatment with SCA, LPS stimulated IL-10 and GM-
CSF release was significantly reduced (Fig 4.2). The IL-10 concentration in the culture 
media of treated cells was 69.6% lower than that of untreated cells (p = 0.02; Fig 4.2a), 
whereas the GM-CSF concentration was 46% lower in treated cells (p<0.001; Fig 
4.2b).  No significant difference in LPS-induced secretion of IL-6 was observed 
between treated and untreated cells (Fig 4.2c). 
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Figure 4.2  (a, b, c) Release of inflammatory mediators was measured in LPS 
stimulated RAW264.7 macrophages, with comparison made between sweet cherry 
anthocyanin (SCA) treated and untreated cells. Results are expressed as mean ± SEM (*p = 


















































































4.3.2 In vivo studies to determine the effect of sweet cherry anthocyanin on 
weight gain and inflammation  
On completion of both arms of the mouse trial, no adverse clinical signs from either 
the high-fat diet or SCA were observed.  Baseline characteristics of body weight, water 
and food intake were similar in the mice allocated to each trial (Table 4.1).  Three mice 
out of 96 were excluded from analyses – one died from causes not attributable to the 
study and two were identified as outliers (due to growth being more than 2 SD from 
the mean).  
 
Table 4.1 Observational data of body weight, food intake and water intake at 
baseline for prevention and reversal trials  










n 23 24  24 24  
Body weight (g) 28.0 
(0.46) 
28.2 (0.34) 0.80 28.1 
(0.38) 

















Water intakeb 0.90 
(0.02) 
0.90 (0.04) 0.84 1.03 
(0.08) 
0.92 (0.04) 0.26 
a Constitutes the p-value of Cx versus Tx in both PT and RT  
b Constitutes grams per gram body weight per week. * Food intake and water intake were 
calculated on groups of 6 (n = 6) as there were 3-4 animals per cage and so total food and 
water per cage divided by number of animals per cage).   
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4.3.3 Effect of sweet cherry anthocyanin on body weight in C57Bl/6J mice 
No significant difference in weight gain was observed between the treatment and 
control groups during the first 3 weeks of the PT (Fig 4.3a). Between weeks 4 – 6, 
weight gain in the treatment group was significantly lower than that of the control 
group. Following 6 weeks of SCA consumption, PT-Tx mice had gained 19% less 
weight than PT-Cx mice (p = 0.02).  No significant differences in weight gain were 
observed between treatment and control groups in the RT (p > 0.05; Fig 4.3b). 
 
 



























































Figure 4.3 (a & b) Body weight of the mice was measured and compared between 
control and treatment groups in (a) prevention trial (PT) and (b) reversal trial (RT). 
Results were expressed as mean ± SEM (*p = 0.02). 
4.3.4 Effect of consumption of sweet cherry anthocyanin on food and water 
intake  
In the PT there was no significant difference observed in food consumption between 
PT-Cx and PT-Tx groups (p > 0.05; Fig 4.4a).  However, increased water consumption 
was observed in the PT-Tx group (p = 0.01; Fig 4.4b).  Similar results were found in 
the RT, with no difference in food consumption (Fig 4.4c).  Noteworthy, there was an 
increase in water consumption in the RT (Fig 4.4d), which was observed at the start 
of week 7 (the commencement of the treatment phase). 


























































 Figure 4.4  Food and water consumption were observed in prevention arm of 
the trial (a and b) and the reversal arm of the trial (c and d). 
Water consumption (4b) was significantly increased in PT when comparing Cx to Tx (*p 
=0.01).  Results are expressed as mean ± SEM. 
 
4.3.5 Effect of consumption of sweet cherry anthocyanin on epididymal fat pad 
(EFP) 
No significant difference in EFP absolute weight was observed between PT-Cx (1.87 
± 0.12g) and PT-Tx (1.64 ± 0.10g, p=0.14). A similar result was observed in the RT, 
with RT-Cx (1.94 ± 0.10g) and RT-Tx (2.13 ± 0.12g; p = 0.22).   
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4.3.6 Effect of consumption of sweet cherry anthocyanin on inflammatory 
markers in the prevention trial 
The following panel of inflammatory markers were analysed to investigate the effect 
of SCA on HFD-induced inflammation in C57BL/6J mice in the PT (Fig 4.5): IL-6, IL-
10, IL-1b, MIP-2, GMCSF and TNF!.  Consumption of a HFD for 6 weeks resulted in 
significant increases in plasma IL-6 in both the PT-Tx (a 4-fold increase, p = 0.03) and 
PT-Cx groups (a 23-fold increase, p < 0.001) relative to baseline. Treatment with SCA 
significantly dampened the increase in IL-6 as compared with PT-Cx at the 6-week 
time-point (p = 0.02; Fig 4.5a).  A similar trend was observed in plasma IL-10 
concentrations at 6 weeks, however this difference was not statistically significant (p 
= 0.08; Fig 4.5d).  No significant difference was observed in IL-10, IL-1b, TNFa or MIP-
2 (Fig 4.5b-f). 
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Figure 4.5 Comparison of inflammatory markers observed between control (Cx) and 
treatment (Tx) in the prevention trial (PT). Results are expressed as mean ± SEM (∧p = 




















































































































































4.3.7 Effect of consumption of sweet cherry anthocyanin on inflammatory 
markers in the reversal trial 
In the reversal trial, treatment with SCA for four weeks resulted in a significant 
decrease from baseline in GM-CSF plasma concentration (p = 0.02; Fig 4.6a).  On the 
contrary, an upward trend in GM-CSF concentration was observed in RT- Cx mice, 
resulting in a significant difference between the two groups at 10 weeks (p < 0.001). 
Similarly, the IL-10 concentration was significantly lower in the RT-Tx group as 
compared to the RT-Cx group at 10 weeks (p = 0.01; Fig 4.6d). No significant 
differences in IL-6, IL-1b, TNFa or MIP-2 were observed between the control and 




Figure 4.6 Comparison of inflammatory markers observed between control (Cx) and 
Treatment (Tx) in the reversal trial (RT). Results are expressed as mean ± SEM (*p = 
0.02; Fig 4.6a, *p = 0.01; Fig 4.6d). 
 

























































































































































This study yielded three equally important results: SCA significantly reduced the 
secretion of IL-10 and GM-CSF in vitro from RAW 264.7 cells, SCA significantly 
reduced weight gain in high fat fed mice and SCA attenuated the HFD-induced 
inflammatory response.  The potential of SCA to provide a non-pharmacological 
solution to the burden of obesity and inflammation has global importance. 
The effect of SCA on inflammatory marker release was investigated initially in vitro in 
RAW 264.7 macrophages.  Reduction of pro-inflammatory markers with SCA has also 
been observed in a previous study by Alvarez-Suarez et al. (28) who found 40 – 50 
µg/ml dose of cherry extract reduced secretion of inflammatory markers by 
approximately 50% in RAW 264.7 macrophages compared to controls.  However, the 
cherry extract utilised in their work was from the Capulin cherry cultivar (Prunus 
salicifolia), which is a hybrid cherry/ plum and not a sweet cherry, which would be 
testing effectiveness of fruit with a different bioactive profile. 
Reduction in inflammatory markers and systemic reduction of inflammation was 
observed in mice treated with SCA, which could have been attributed to either reduced 
secretion from adipocytes or reduced secretion from macrophages, or both. By 
undertaking the in vitro work, we posit that macrophages and other inflammatory cells 
are contributing to this reduced secretion, at least in part.  The reduction in GM-CSF 
and IL-6 in the RT indicates that SCA reduces systemic inflammation, although this 
was observed without a concurrent reduction in adiposity as indicated through no 
significant difference in EFP between Cx and Tx groups. GM-CSF has previously been 
suggested to act as both a recruiter and activator of macrophages in adipose tissue, 
due to GM-CSF being directly correlated with the number of macrophages in visceral 
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fat tissues, as well as levels of circulating pro-inflammatory cytokines (28, 219).  Kim 
et al. (219) investigated this further in a GM-CSF knockout mouse model with results 
suggesting a decreased level of circulating GM-CSF was able to reduce HFD-induced 
inflammation, which is in agreement with the current study.  These significant findings 
from in vitro studies were unique in that sweet cherries were the source of 
anthocyanin, and they also provided the basis for exploring further the impact of SCA 
in vivo.  
C57BL/6J mice fed SCA with HFD for 6 weeks as part of the prevention regime 
showed reduced weight gain as compared to HFD controls.  This reduction in weight 
gain was not associated with a reduction in food intake.  These results are consistent 
with previously published research, which has found reduced weight gain without a 
decrease in food consumption following treatment with anthocyanin extracts from 
varying sources including Prunus avium L (sweet cherry) and Carpobrotus rossii (27, 
220, 221). When considering causality, Wei et al. found that Cy-3-G-treated mice had 
elevated plasma and skeletal lipoprotein lipase (LPL), but lower LPL in visceral 
adipose tissue. They suggested that the reduced adipose to skeletal muscle LPL ratio 
directs circulating lipids to skeletal muscle, and hence lowers fat accumulation in the 
adipose tissue (220). 
Whilst the reduction in weight gain in the prevention group was not associated with 
significantly reduced food consumption, there was a significant increase in water 
consumption in the SCA group, which is an expected finding for this trial based on 
work by other researchers (68). Prior and colleagues undertook an anthocyanin 
supplementation trial using black raspberry as their source and also reported trends 
of attenuated weight gain and increased water consumption (68) in animals 
consuming anthocyanins.  The sole purpose of Prior’s experiments was to distinguish 
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between different anthocyanins from purified source and a “crude” black raspberry 
juice derivative in high and low-fat diets to determine change on body weight (68). Of 
interest in their work was that liquid consumption decreased in the high-fat fed mice 
(in both juice and purified anthocyanin treatments) compared with low-fat controls and 
in low-fat treated mice the water consumption was greater in juice treated group 
compared with purified anthocyanin treated group.  This indicates a similar finding to 
our work of the high palatability (in the absence of adverse effects) of juice-based 
extract and whilst different diet composition was outside the scope of this body of work, 
it would be advantageous to identify whether the “crude” SCA extract utilised in these 
experiments created a similar effect in different dietary regimes.   
Whilst the fluid intake increased, the relationship between fluid and food consumption 
is worthy of further scrutiny.  One possible explanation is that “crude” SCA extract has 
a diuretic effect, which leads to a reactive increase in fluid consumption, albeit 
insufficient to compensate for the fluid loss.  The nature in which animals were housed 
for this study did not allow accurate estimation of urinary output.  However, in hindsight 
this would have been a useful measure as it would have confirmed the postulated 
diuretic effect of SCA.  This diuretic effect has been shown in research on Hibiscus 
sabdariffa, which also has high anthocyanin content (222).  Furthermore, a double 
blind study by Hooman and colleagues (223) resulted in significant diuretic effect after 
24 hour administration of capsules containing 2g sour cherry stalk.  While the 
mechanism is not known, this finding is significant both in a scientific sense and also 
in the context of future research where these findings would be translated within a 
clinical context.    
In both treatment and control groups, a number of inflammatory markers were 
increased at 6 weeks, which indicates that the high fat diet induced inflammation.  
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However, the inflammatory response in the PT-Tx mice was significantly dampened 
(compared to controls) at 6 weeks, which shows that SCA treatment was effective in 
reducing inflammation. Similarly, in the RT, SCA also caused a significant 
improvement in inflammatory state as shown by increased plasma GM-CSF and 
decreased plasma IL-10.   
Observations from both the in vitro and in vivo studies suggest that the SCA are 
inhibiting production of GM-CSF from the macrophages at a cellular level. However, 
whether this is an intracellular or extracellular mechanism remains to be elucidated.  
An important facet of this research was exploring and investigating obesity and the 
associated inflammation through both in vitro and in vivo models.  Similar research by 
Li and colleagues (34) explored the effect of an anthocyanin rich extract from red 
raspberries in a model of colitis in mice, showing that both in vitro to in vivo studies 
are warranted. 
The novelty of this work exists in that the in vitro and in vivo work occurred as part of 
the one study. In recent work by other researchers, the effect of anthocyanins on 
markers of health and disease has been investigated through in vitro and in vivo 
measures, yet these have occurred in isolation and also have not utilised the same 
anthocyanin source (28, 30, 31, 44, 47, 49, 212, 224, 225).  However, in this trial, both 
aspects were observed in sequence and the in vitro work informed the subsequent 
direction for the in vivo trial.  Undertaking the work in this way provides a novel 
approach through added consistency of methods, treatment protocols and 
anthocyanin extract source. 
Whilst it was outside the scope of this trial, the dosing regimen for the treatment 
periods in both arms of the trial may not be appropriate for humans.  Although it was 
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effective in exhibiting a response, an equivalent dose for a 70 kg human, would be 2.8 
g anthocyanins.  This would only be possible through consumption of an extract and 
not whole fruit, and investigation into the tolerance of such a dose would be required.  
Future investigation into the impacts of different doses of sweet cherry anthocyanins 
would be critical, in order to determine any potential dose response relationship.   
Limitations 
The first limitation that confounded results between effect in prevention and reversal 
modalities, was the length of time in the treatment phase of the reversal arm.  One of 
the outcomes of the trial was the significant reduction in weight gain in treated mice, 
observed in weeks 4, 5 and 6 of the prevention trial.  The reversal trial design only 
allowed for 4 weeks treatment; as such it may be possible that the treatment effect 
was not observed due to the shortened treatment phase, which was a trial design fault.  
In future studies it would be of benefit to undertake a trial with extended treatment 
phases to determine if the length of treatment provided any additional benefit. There 
were significant differences in the baseline and midpoint measurements between the 
groups for some of the cytokines which is not a noteworthy result of effect, however in 
future research an appropriate protocol could address this.  
4.5 Conclusion 
It is evident from this study that sweet cherry anthocyanins may play a role in slowing 
the rate of weight gain and the associated chronic low-grade inflammation induced by 
a high fat diet.   Further work on the cellular mechanism of action is warranted.  Whilst 
translating these results to the human population is not without its challenges, there is 
a useful paradigm to be explored further.   
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5 Chapter 5:  General discussion, future directions and 
conclusions 
5.1 General discussion 
The research described in Chapters 2 – 4 constitutes a body of work that is broad in 
content covering analytical chemistry; plant, cell and murine biochemistry and 
physiology; through to economics and commercial application of waste fruit.  Through 
the course of the work a number of novel findings were generated.  
The optimised extraction findings were in contrast to existing literature, in that attempts 
by others to manipulate process parameters for solvent based extraction had not 
achieved such a high yield.  Retrieving more anthocyanin from the fruit has a direct 
benefit for producers.  Even though there are other extraction methods that can 
potentially achieve a comparable yield, a method which can readily be reproduced 
outside the laboratory, without the requirement of highly specialised technical 
equipment was an important consideration to this work.  This enables an increased 
likelihood of commercial level extraction, translating to economic viability for the 
industry.   
Whilst the weather patterns identified have previously been reported in plant 
physiology research as a means to ensure tree growth and fruit yield, the applied 
context for these findings in relation to anthocyanin content, has not been considered 
until this current work.  These studies enabled a clear picture of weather conditions 
that would likely result in greater amounts of anthocyanin and also weather patterns 
that would influence whether fruit is considered premium, waste or second grade fruit.  
Understanding the influence of weather patterns on the growth and maturation of the 
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fruit will potentially enable farmers to make earlier decisions about harvest priorities.  
If it is a season with less than ideal growing conditions and it is clear that the fruit is 
going to be soft and be deemed waste fruit, rather than pick the fruit conventionally by 
hand, which is labour intensive in order to protect the fragile nature of the fruit, other 
means of picking the fruit more efficiently could be explored, and could include 
mechanical harvesting.  This information is vital when planning for season outcomes, 
allowing the necessary preparation to be undertaken by farmers so that waste fruit can 
efficiently be harnessed with less fruit contributing to landfill.   
Another important and unexpected outcome of the work is the identification of Prunus 
avium L. ‘Kordia’ cultivar having significantly higher anthocyanin levels (up to 4-fold) 
than other cultivars.  Whilst others have reported variation between cultivars, this has 
not been extensively studied in sweet cherries until now. This is relevant when 
decisions are made as to which cultivar is to be utilized for extraction and/or for its 
functional properties.  This understanding of fruit with higher anthocyanin yield could 
also assist farmers when deciding which cultivar to propagate.  Particularly when 
considering a cultivar which is more challenging to grow, like Prunus avium L. ‘Kordia’, 
the knowledge that the yield of anthocyanin is significantly higher could influence 
production decisions.  Combine these factors with the finding of storage temperature 
and precipitous decline of anthocyanins as soon as 3 months after storage, a clear 
picture forms about how to better harness anthocyanins.  It is now evident that storing 
the fruit for more than 12 months at -20oC results in significant loss of anthocyanin.  
So, when faced with storing fruit before it is processed/extracted, it may be beneficial 
to consider waste fruit and of Prunus avium L. ‘Kordia’ cultivar for this, as it would 
enable a higher yield of recovery. Together, it provides strong rationale for the 
increased investment in a fruit that is difficult to grow as the economic benefit is 
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significant.    
During the course of this research it was uncovered that a significant percentage of 
fruit does not make it to market, and ultimately ends up as waste, as landfill/rotting on 
the ground.  This is a consequence of the fruit being deemed not fit for market, due to 
softness, splits and cracks.  In each season this is estimated to be between 20-50% 
of the crop which is a significant volume that is currently of no financial value.  In the 
present study, the waste fruit had significantly more anthocyanin that the premium 
grade fruit which is an important and novel finding for the sweet cherry industry.  It 
transforms a waste product into an economically viable commodity that can be 
harnessed for financial benefit.  This supports the consensus in other fruit species that 
waste fruit has bioactive components that render it useful for wider application.   
Hundreds/thousands of tonnes of cherry fruit go to waste each year around the globe 
and this fruit now has the potential to be re-purposed through an effective extraction 
protocol guaranteeing high yield of anthocyanins.  The re-purposing of waste will also 
ensure consumers have access to more anthocyanin year-round.  Outside the 
consumption season (Dec – Feb) in Tasmania, they could access anthocyanins 
through fortification of other foods or through nutraceutical products that have been 
created from the waste.  This will contribute to the overall anthocyanin profile in the 
diet with potential to impact inflammatory disease. 
The final and possibly most significant outcome was that the sweet cherry extract was 
effective in preventing inflammation and reducing the amount of weight gained when 
consuming a high fat diet.  The sugar content of the extract was high as expected 
given the extract was fruit derived. We used Brix testing which is commonly used both 
in the field and in the laboratory to quantify sugar levels.   The sugar level of extract 
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was found to be 26 °Bx on the Brix scale which means there is a high level of sugar in 
the extract and effectively 26g sucrose per 100g solution (or 26% sugar).  This would 
potentially mean that mice who were consuming the SCA extract had additional 
calories in the form of the extract added to their water.  As we didn’t account for this 
in the research design it is difficult to calculate exactly how many extra calories they 
consumed and should be considered for future experiments.  However, it does provide 
a promising discovery as the mice treated with SCA had higher water consumption yet 
still consumed the same amount of food and gained less weight than matched 
controls.  This suggests that treated mice consumed more calories from the sugar in 
SCA, yet they still gained 19% less weight than mice that did not consume SCA.   
Whilst this is not a conclusive finding, given the nature of the evidence that surrounds 
sugar consumption and the impact this has on ill health and development of obesity, 
the high sugar concentration of the extract could be considered favourable oversight 
and warrants further investigation. 
This is in support of previous work carried out both in vitro and in vivo, where disease 
processes such as obesity and inflammation can be reduced.  Whilst the results were 
significant, the clinical application has greater ongoing potential, as the reduction in 
weight gain at 19% far superseded expectations and if extrapolated and translated 
into human research would potentially allow for good patient outcomes.  With the 
global incidence of obesity and inflammation at an alarmingly high rate, and billions of 
people that could benefit worldwide, the potential to be able to reduce obesity using a 
waste product is certainly desirable.    
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5.2 Limitations  
5.2.1 Intervention length & composition 
The length of the mouse intervention/supplementation trials may be pivotal when 
considering the effect of SCA on obesity and inflammation.  Whilst significant findings 
were observed in the prevention trial, we found that these occurred between 4 - 6 
weeks.  By the nature of the research design and based on prior research, 4 weeks 
was hypothetically long enough to see an effect.  However, as the trials were run in 
parallel (not in sequence), the crucial 4 – 6 week observation was not identified until 
post trial. Whilst a positive trend was observed (unpublished), if the reversal trial arm 
had been extended for an additional 2 weeks this may have allowed for significant 
outcomes in SCA ability to reverse the damage of a high fat diet.  Furthermore, s 
5.2.2 Weather measurements  
The retrospective analysis of weather patterns and their influence on TAC uncovered 
crucial season specific weather events and conditions that warrant further 
investigation.  This was not a pre-planned part of this investigation as 
environmental/weather conditions were not considered relevant until it was found that 
variation in anthocyanin does occur across different growing seasons.  Upon reflection 
more precise measurements of rainfall and temperature at the site of production would 
have been ideal.  Rather than retrospectively extrapolated data from nearby weather 
stations, direct measurement of rainfall and temperature would strengthen the 
argument for causation by seasonal changes and improve the veracity of the work.        
5.2.3 Waste fruit usage 
Due to time constrictions, the studies were designed in parallel rather than in 
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sequence.  Had the studies had been designed and undertaken in sequence, the 
waste fruit outcome would have been identified and then all subsequent research 
undertaken in waste fruit (as opposed to premium fruit).  Ideally, waste fruit would have 
been utilised across all aspects of the study.  This would enable a stronger more 
definitive message for waste fruit usage. 
5.2.4 Extract constituents 
Whilst it appears the findings are a result of bioactive compounds, anthocyanins 
being one of those, as we did not undertake and examine the individual components 
in the SCA extract which provides a challenge to understanding the true nature of 
the extract utilised.  We recognise there are other components (not just 
anthocyanins) potentially creating this effect.  With future experimental design, 
deeper scrutiny of the extract including other molecules present, the level and 
differences in sugar concentration across cultivars and extracts, plus the synergistic 
impact of those factors is warranted and is lacking from the current research design. 
This could be accounted for with experiments developed comparing crude extract 
with a purified sample with additional steps to isolate and quantify other bioactive 
compounds that may be present. 
5.3 Outside the scope of this body of work 
5.3.1 Geographical variation 
As a control measure to improve research rigour, all studies were based on fruit from 
one geographical location.  For future studies, comparison of fruit that are grown in a 
range of geographical locations, and presumably different ‘micro-climates’ would test 
and inform any variation in SCA levels based on growing region.  It is evident from the 
literature, that weather conditions are particular to geographical region (81) and that 
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the differences in weather patterns can impact fruit growth.  This research did not 
investigate or compare effect of micro-climates on growth and SCA.  This has the 
potential to impact yield and waste to market ratio.  The current study design did not 
allow for independent measurement and analysis of the environment including specific 
micro-climates, soil and plant physiology measures.  The nature of this trial also had 
cherry samples provided from one geographical location.  This was advantageous as 
the growing conditions (other than weather) were constant and this provided strong 
intra-sample reliability.  However, with a lack of geographical diversity in the sampling, 
it could mean the translation of results to other areas difficult.   
5.4 Future studies  
5.4.1  Longer intervention with dose and extract variation 
Improvement in obesity and inflammatory status with high dose SCA warrants scrutiny 
at lower doses.  It would be beneficial to understand the effect of different doses 
through in vitro and in vivo trials.  This would enable clarity around minimum dose 
required to create an effect, and if designed with whole fruit and extract in a parallel 
design, would provide real transferability to the general consumer.  As part of a longer 
intervention, toxicity studies would be required and part of study design to ensure no 
negative effect from long-term consumption.  The strength of this body of work was in 
the multilayered methodology applied to understand aspects such as cultivar variation, 
growing conditions and extraction optimisation.  Whilst the research design for this 
body of work did not test a range of different diets and conditions, to be able to 
determine whether SCA does create a diuretic effect, and also to better understand 
the impact of calories, future work would benefit from a more complex supplementation 
protocol.  In line with other research in the space, it would be pertinent to consider 
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research design involving different dietary patterns including calories and a purified 
anthocyanin extract (with sugars removed) OR conversely if suing a crude extract to 
supplement the diet with additional sugar in the control mice to be able to determine 
the impact and mechanism of SCA.   
5.4.2 Trials of whole fruit and human trials 
The outcomes were based on the extraction of anthocyanin and administering that 
extract across supplementation trials.  In order to expand the practical application of 
the work, investigation into effect of whole fruit consumption on markers of disease 
would be warranted.  This could be undertaken in mice, with a natural progression to 
a clinical trial to explore the effectiveness of the sweet cherry anthocyanin extract on 
measures of disease in humans.  Specifically, investigation into the effects of the 
extract on acute and chronic inflammation, gut microbiota and in diseases with an 
inflammatory basis such as gout, arthritis and obesity. 
5.4.3 Investigation into alternate methods for capturing SCA 
Whilst effective for this body of work, future study design to encompass direct capture 
of fruit waste to market ratio would be beneficial.  If it is possible to determine areas 
with higher waste: market ratio, this would allow potential strategies to harness that 
waste with economic viability and efficiency.  Specifically, it would also be beneficial 
to explore methods for preserving SCA in the fruit.  Specifically, freeze-drying (for 
human consumption), juicing and alternate methods of extraction. 
5.5 Concluding comments relative to outcomes 
Novel findings from the research undertaken in this thesis have clearly shown there 
are direct health and economic benefits from utilising cherry waste.  The optimised 
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extraction of the anthocyanins has commercial significance and the sweet cherry 
extract has potential as an adjunct therapy for obesity and inflammation.  The potential 
for these findings to be translated into clinical practice to improve patient care is an 
exciting prospect.  To date, the links between all the components studied in this thesis 
have not been made, particularly the exploration from paddock to plate (or pill) 
including extraction and functional testing in cells and animals.  Add to this the 
outcomes of environmental sustainability and financial viability for the farmers for 
utilising waste fruit, and this work grows in importance.  This research links and 
provides evidence as to sweet cherry having a significant functional role that with 
further investigation, could contribute to the addressing the global obesity epidemic.  
In conclusion, this body of work provides significant evidence that Tasmanian sweet 
cherries are effective functional foods and their use, with direct health and economic 
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 Appendix 1: Detail of cultivars grown in Tasmania that were discussed as part of this thesis 
Common name Full species name Genus Species Hybrid parentage Family name Cultivar origin  
Lapins Prunus avium L. Prunus Sweet cherry Van x Stella Rosaceae Canada 
Kordia Prunus avium L. Prunus Sweet cherry Lambert x John Innes Seedling 2420 Rosaceae Czech Republic 
Sylvia Prunus avium L. Prunus Sweet cherry Van x Compact Lambert Rosaceae Canada 
Van Prunus avium L. Prunus Sweet cherry Empress Eugenie x open pollination Rosaceae Canada 
Stella Prunus avium L. Prunus Sweet cherry Lambert x John Innes Seedling 2420 Rosaceae Canada 
Sweet Georgia Prunus avium L. Prunus Sweet cherry Lapin mutation Rosaceae Australia 
Regina Prunus avium L. Prunus Sweet cherry Schneiders spate knorpelkirsche’ × ‘Rube’ Rosaceae Germany 
Simone Prunus avium L. Prunus Sweet cherry Stella x Van Rosaceae Canada 
Sweetheart Prunus avium L. Prunus Sweet cherry Van x Newstar Rosaceae Canada 
Fertard Prunus avium L. Prunus Sweet cherry Fercer mutation Rosaceae France 
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(mg/100g FW) Common name
Anthocyanin 
(mg/100g FW)
0-900 Ziraat 25 Moreau 32
5-106 147 Mpakirtzeika 310
Ambrunes 39 - 70 Napoleona 13 - 14
Badascony 14 Navalinda 123
Belge 29 Noire de Meched 11
Benton  74 Pico Colorado 29
Bing 26 - 225 Pico Negor Limon 45
Black Gold 65 Kordia 184
Black pearl 70 Puntalazzese 58
Blaze Star 62 - 85 Rainier 21
Burlat 13 - 165 Rainier 0.5 - 4
CAB 120 Regina 159
Caihong 20 Royal Ann (Napoleon) 1
Colt 89 Saco 296
Dalbasti 20 Santina 98
Donnantonio 33 Skeena 200 - 390
Ducignola Nera 40 Skeena Edessa 200
Durona di Cesena 17 Skeena Kozani 300
Early Star 47 Summit 29
Fercer 10 Sunburst 25
Fernier 16 Sweet Early 71
Ferprime 10 Early Van Compact 9
Ferrador 1 Sweetheart 19
Ferrovia 27 Sylvia 11
Garnet 653 Tieton 126
Gabbaladri 6 Toscana 29
Genovese 25 Ulster 292
Giorgia 33 Van 9 - 251
Glacier 87 Vesseaux 15
Grace Star 27 Vigred 15
Hardy Giant 7 Vista 15
Hedelfingen 34 Voguee 175
Hongdeng 143 Zaodaguo 119
Hongyan 20 Zio Peppino 8
Kiona 85










Sweet Cherry Cultivars (Prunus avium L.)
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(mg/100g FW) Common Name
Anthocyanin 
(mg/100g FW)
Aarslev 1803 285 Duan Bing 7







Brigitte x Bottermo 272
Capuli 0.68 mg/g DW **
Cigganymeggy 7 122































Sour Cherry Cultivars (Prunus cerasus or Prunus pseudocerasus)
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 Appendix 2: Pictorial demonstration of cherry sorting process 
     
   Cherries arriving from orchard         Loaded onto conveyor for washing 
          
    Two step washing process 
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Appendix 3 - continued 
    
Optical grading using Airjet machine with Ellips software 
 
      
Premium cherries 
undergo final hand 










Appendix 3 - continued 
 





































































































































































































































































































































































 Appendix 6: Chromatograms showing consistency of main anthocyanins identified in the sweet cherry anthocyanin 



























































Appendix 6 continued 
column 16
Time







































 Appendix 7:  Cell viability assay showing cell survival at different 
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‘Physiological’ temperature found to be prime 
for extracting sweet cherry anthocyanins
be ascribed to differences in geographical location and environment alone, and are more 
likely explained by different post-harvest factors, including storage conditions and 
extraction methods. Extraction optimisation not only results in a greater yield of the 
compound, but also allows more accurate comparisons to be made between different 
cultivars of a species. A variety of methods for anthocyanin extraction have been 
described, including the maceration method, which is an attractive option for smaller 
laboratories as it requires no specialist equipment. While optimisation of anthocyanin 
extraction has been described for a variety of fruits, extraction from whole sweet 
cherries has not been comprehensively investigated. 
Introduction
Anthocyanins are bioactive compounds found in many 
fruits and vegetables, and have been a recent focus of 
research due to their high antioxidant activity. Cherries 
are known to be a rich source of anthocyanins, however 
evidence regarding the anthocyanin content of sweet 
cherry (Prunus avium L.) cultivars is highly 
inconsistent. It is unlikely that such large variations can
Methods
This study determined the optimal parameters for the extraction of anthocyanins via 
maceration of the edible portion of Prunun avium ‘Lapins’ cherries. Extractions with 
one or two independent variables were conducted to investigate the effect of time and 
temperature of extraction, solvent to solid ratio, solvent type and solvent concentration 
on extraction efficiency. Individual anthocyanins were separated via UPLC, with peak 
assignment based on matching UV-visible spectra with retention times from previous 
in-house studies and published cherry anthocyanins 1. The optimal condition for each 
parameter was based on total anthocyanin content (TAC), calculated by summation of 
UPLC-derived peak areas, expressed as mg of cyanidin-3-glucoside equivalents per 
100g fresh weights.
Four different anthocyanins
were detected in all extracts 
(Figure 1). The major 
anthocyanin identified was 
cyanidin-3-rutinoside, and 
accounted for approximately 
80% of anthocyanin 
equivalents in all samples. 
Peonidin-3-rutinoside was 
identified as the second 
major pigment, accounting 
for approximately 15% of 
anthocyanin equivalents, 
whilst two minor peaks, 
identified as cyanidin-3-
glucoside and pelargonidin-
3-rutinoside, accounted for 
the remaining 5% of detected 
anthocyanins.
Figure 1 – Extracts were analysed via UPLC to determine the 
anthocyanin content and profile of Prunus avium Lapins cherries. A –
cyanidin-3-glucoside; B – cyanidin-3-rutinoside; C – pelargonidin-3-
rutinoside; D – peonidin-3-rutinoside. 
Inset – Chemical structure of cyanidin-rutinoside – the most abundant 


































Time and temperature were investigated simultaneously to reveal any interaction 
between the two parameters. Cherries were extracted for between 30 minutes and 24 
hours at 4, 22, 37, 52 and 70oC. The highest anthocyanin yield was observed following 
extraction at 37oC (Figure 2a). TAC reached 222.82 ± 8.88mg/100gFW at 1.5 hours, 
after which further increases in extraction time resulted in a decrease in yield. Samples 
extracted for 1.5 hours at 37oC had significantly higher anthocyanin content than those 
extracted for 1.5 hours at 22oC (p < 0.005) or 70oC (p < 0.001) (Figure 2b). Anthocyanin 
content was also lower in the 4oC and 56oC samples, although not significantly. In 
contrast, temperatures as high as 93oC and 75oC have been reported as optimal in studies 

































































The TAC of ‘Lapins’ cherries 
determined using the optimised 
protocol is more than twice that 
previously reported. Results from our 
study contradict previous anthocyanin 
extraction research, which advocates 
the use of either low temperature or 
short, high temperature extractions to 
maximise yield.  The novel finding that 
extraction at physiological temperature 
results in the highest TAC is of 
significance when considering 
translation to in vivo applications.
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These differences highlight the fact that 
ideal extraction conditions can vary 
dependent on the type of plant and its 
anthocyanin profile, and as such 
optimisation of extraction from different 
food sources is both commercially and 
scientifically very valuable. 
Subsequent experiments indicated that a 
solvent to solid ratio of 10mL/g and 
100% acidified ethanol were optimal 
extraction conditions for sweet cherries. 
The optimised protocol resulted in an 
anthocyanin content of 244mg/100gFW, 
more than twice the anthocyanin content 
previously reported for Lapins cherries, 
emphasising the importance of 
extraction optimisation.
Figure 2 –Temperature (a), time (b), solvent/solid ratio (c), 
and solvent concentration (d) were investigated to determine 
the optimal parameters for the extraction of anthocyanins from 
sweet ‘Lapins’ cherries. *p-value<0.05. Error bars represent 
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Inflammation is acknowledged as the precursor to many 
diseases1 with water-soluble flavonoids, anthocyanins, 
implicated in reducing this disease risk. Anthocyanins are 
bioactive compounds found in many fruits and vegetables, 
and have been a recent focus of research due to their high 
antioxidant activity. Sweet cherries (Prunus avium L.) are 





RAW264.7 murine macrophages were cultured in RPMI media, 
supplemented with 10% heat-inactivated Fetal Bovine Serum 
(FBS) and 2% penicillin-streptomycin stabilised solution. 
 
The cells were first pre-treated with SCA (0 – 500µM) for 24 hours 
at 37oC (with H2O2 the blank) to understand the impact of 
concentration on cell toxicity.  H2O2 was used as blank during 
assay. 
 
To determine impact of pre-treatment with SCA on markers of 
inflammation, the cells were stimulated with LPS (1µg/mL2)3.  
After 24 hours, cells were harvested via scraping and the 
suspension centrifuged.  Both the supernatant and cell pellet 
were collected and stored at -800C until ELISA analysis.   
  
Concentrations of the inflammatory mediators interleukin 6 
(IL-6), interleukin 10 (IL-10) and granulocyte macrophage colony 
stimulating factor (GM-CSF) in the culture media were measured 
using ELISA.  
Results 
 
Following treatment with 10, 50 and 100 µM SCA, the viability of 
the cells were 113 ± 0.65, 113 ± 1.31 and 99 ± 0.63%, 
respectively, as compared to the untreated control (100 ± 
0.24%). These results indicate that up to 100µM SCA did not 






Observations from the in vitro studies suggest that 
the sweet cherry anthocyanins are inhibiting 
production of GM-CSF from the macrophages at 
a cellular level, which has implications for 
understanding the mechanism of attenuating 
inflammation. 
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The aim of the present study was to 
determine whether sweet cherry 
anthocyanins (SCA) can reduce the 
release of inflammatory mediators 
from lipopolysaccharide (LPS)-






























































In addition when treated with SCA, the secretion of 
inflammatory mediators was significantly less in the LPS-
stimulated cells. IL-10 concentration of treated cells was 69.6% 
lower than untreated cells (p = 0.015), whereas GM-CSF 
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